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FOnfzig Jahre Dauerfeldversuche 
in der Versuchsstation Woburn, 
einer Abteilung der Versuchsstation in Rothamsted. 

Von 

E. J. Russell. 

Direktor der Versuchsstation in Rothamsted. 

Mit 10 Textabbildungen. 

(Cbersetzt Ton der Pflanzenzuchtstation der IJniversitat Halle a. d. S ) 

In halt: Binleitung. — I. Die Dauer-Gerstenversuche : 1. Das Stickstoffproblem und die 
jjMineralstoff-Theorie”. ± Die Wirkung der Mineraldttngnngen. 3. Die Wirkung stick- 
stoffhaltiger Dtingemitteh 4. Die Wirkung von Kalk auf sanrera Boden. 6. Rapskuchen 
als Dhngung. 7. Die den Pflanzen zugefiihrte Stickstoffmenge. H. Die Nachwirkung stick- 
stoffhaltiger DUngemittel : a) schwefelsaures Ammoniak und Natronsalpeter; b) Stallmist. 
0. Kom- und Strohausbildung. 10. Die jlihrliohen Ertragsschwankungen 1 1 . Witterungs* 
und andere Jahreseinflftsse. — II. Die Weizen-Versuche: 1. Die ungediingten Parzellen. 
2. Mineralsalzdtingungen ohne Stickstoff. 3 Mineralsalzdiingungen. 4. Stickstoffhaltige 
Dttngemittel (schwefelsaures Ammoniak und Natronsalpeter) und ihre Nachwirkung. 
5. Stallmist und seine Nachwirkung. 0. Rapskuchen. 7. Verhiiltnis von Kornertrag zu 
Gesamtertrag. 8. Jfihrliche Ertragsschwankungen bei Weizen. 9. Einflufi der Niederschlilge 
auf Weizenemten. — III. Die Mdglichkeit, den Ausfall der Getreideernten vorauszu- 
sagen : 1, Die Zusammensetziing des Getreidekorns. 2. Bodenverschlechterung bei stiindigem 
Oetreidebau. — IV. Fruchtwechselversuche: Nachwirkung des Dlingers bei Verfiitterung 
von Baumwollkuchen und Mais. 

Einleitiing. 

Die Versuchsstation Woburn wurde im Jahre 1876 von dein Herzog 
von Bedford und der Koniglichen Landwirtschafts-GeselJschaft zu dem 
Zweck gegriindet, bestiramte Versuche durchzufiihren, die sich sonst nicht 
ermdglichen lieBen. 

Die Versuchsstation Rothamsted, deren Grlindung bereits mehr als 
80 Jahre zuriicklag, war damals die einzige ihrer Art in Grofibritannien 
und gehorte 8ir John Lawes, der sie 1843 gegriindet hatte. Die Station 
Woburn erfrente sich der ungeteilten Sympathie und Unterstiitzung sowohl 
von Lawes als auch von Gilbert, und viele Jahre lang nahmen sie 
regen Anteil und erteilten hinsichtlich Problemstellung und Ergebnisse 
ihre Batschlkge. 

Eiues der Hauptprobleme, die geldst werden sollten, war, Beobach- 
tungen dariiber zu machen, in welchem Grade die Bodenfrucbtbarkeit 
abhtngig ist von dem Verfiittern hochwertiger Futtermittel (wie Olkuchen 
und Getreide) an das Vieh. Diese Futtermittel bereicherten unverkennbar 
die Dfingung, die ihrerseits die Fruchtbarkeit des Bodens steigern konnte. 
Nach dem landwirtschaftlichen Pachtgesetz von 18 i 5 hatte ein Pachter, 
der sein Gut aufgab, Anspruch auf Entschadigung uach dem Wert der 
. 84H^2 G 
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Verbessernngen, die er dem Besitz wahrend FrhShunir der 

kommen lassen. I Inter diese Verbessernngen iiel auch die Erhoh g 
Frnchtbarkeit, die nacb dem Verbrauch des Kraftfulters bemessen 

Zwar setzte das (7esetz genau fest, wofiir Entschadigung gezah t 
werden mufite, aber es brachte dariiber keiiie Angaben, wie die \ergutung 
berechnet werden sollte. Uamals waren noch keine Versuclie in diesei 
Kiciitung durchgefiihrt worden and die Station wurde deshalb ins Leben 
gerufen, nm diese notwendigen Untersucliungen vorznnehmen. 

Es soil gleich vorausgeschickt werden, dafi dieser Teil des Programnis 
noch nicht znm Absclilufi gekommen ist. Selbst nach bOjilhriger Arbeit 


Tabelle 1. 

Die in Ko1liamsU»d und Woburn. 

Tin Trockenschrank getrocknete Proben in TVozenteii des Infttrockeiien Bodens 



Weizenparzellen 
in Rothamsted 

Weizenparzellen 
in Woburn 


Parzelle 

2 

Parzelle 

10 

Parzelle 

lib 

Parzelle 

2a 


Stallmist 

Dutu 

Schwefel- 

saures 

Aininoiiiak 

allein 

Stallmist 

Scbwefel- 

saures 

Ainmoniak 

allcin 

Grober Sand (2 0,2 nini) . . 

().l 

5.(> 

50.0 

61,2 

Feiner Sand (0,2—0.02 iiini) . . 

12.5 

lO.I 

24.5 

20.0 

Schluff (Silt) (0.02-0,002 nini) . 

21,5 

20,2 

8,5 

0,0 

B,ohton Oder K-^lJoidton 

(unter 0,002 rimi) ... 

18,2 

20.0 

15.5 

10,5 

KohJen.'iaure Salze 

1.0 

1.0 

~ 

— 

Peiichtigkeit 

des lufttrockenen Bodens . . 

5 0 

2,7 

1,5 

0,0 

Verluste durch Losuiig .... 

1.4 

0.1 

0,0 

0.0 

Untersehied . . .... 

I 5 

— 2.0 

1.7 

i 1,0 

Sumnie 

100,0 1 

100 0 

100 0 

100.0 

Verlu.ste diirch Verbreiiiiuug 

8.5 

5,5 

5,0 1 

5.0 


bleibt es ungewid, ob iiberliaupt fur die Entschiuligiing feste Riclitlinien 
aufgestellt werden kdnnen ; im allgeineineri beurteilen Taxatoren die 
Fruclitbarkeit des Bodens niebr naeh der Enite als nach deni, was der 
Bauer deni Boden zugetulirt hat, obgleich es bekannt ist, dafi dieses wie 
alle aiidereii wichtigen Kaktoren ebenfalls berucksichtigt werden niuB. 

Zu derselben Zeit warden Versiiclisserieii mit anunterbrociienem 
Weizen- und (Terstenbau begonnen; diese Versucbe fuiirte man nach ahn- 
lichen Riclitlinien wie in Kotliamsted durcli. Man wollte ermitteln, wie 
weit die in Rothamsted auf schwerein Leiirnboden gewonnenen Ergebnisse 
sich in VVobnrn anf leichtem Sandboden wiederliolen liedeii. 1'abelle 1 
zeigt den IJnterschied zwisclien den Boden durcli (xegenuberstellung der 
Kesultate bei der niechanischen Analyse der beiden Boden. Es ist giinstig, 
die liriterschicde in den klimatischen Verhiiltnissen der beiden Stationen 
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nur gerin^r sind. Angaben dariiber gibt Tabelle 2. Woburn hat eine 
geringere Niederschlagsmeinge als Rotliamsted und eine etwas hbhere 
l)urchschnittstcni])oratur ; aber dies(* I nterschiede sind zieinlich gut iiber 
das ganze Jahr verteilt. 

Die Krgebnisse von Woburn stinimen in violen l*unkten niit den- 
jenigen von Rothainsted iibercin. Wenn die linterschiede geringer sind 
als die auf den jeweiligen Stationen in versdiiedenen ,lahren erlialtenen. 
so zeigt das, daC di(‘ Wirkung von Wetter und anderen kliniatisclien Bc- 
dingungen auf den Krtrag grdtier ist als die Kinwirkung des Bodens. 
In Woburn zeigte sich jedocli eine auffallende Versolilecliterung des Bodens 
bei der Anwendung von selnvefelsanreni Ainnioniak. das bier eine Ver- 


'I'abpllp 

Durclischnittlichc inoiiatliche X i i*d rsc lilacs in inffc und Temperatiir 
in \>otMirri iijid Rolhiunslpd. 




N 1 ed er sell 1 a m e n £j:e 

Temp* ratur 



A\ obiirii 

Uotbam.''tpd 

Woburn 

Uotham.sted 



IH77 bi.s ItrO 

1877 bi‘^ 1051 

1808 bis 1017 

1878 bis 1031 



mm 

mm 

*> C 

" (■’ 

September . 


lO.li:) 

50.50 

15 5 

15,2 

Oktober 


<0 00 

78..')0 

0.5 

0,2 

November . 


55 51 1 

72 00 

5 8 

5,7 

December 


55 00 

71.75 

4.0 

5,8 

Januar . 


14.75 

1)0.25 

5.4 

5,1 

Pebrmir 


58.75 

50.75 

5.7 

5.8 

Miir/. 


50 75 

10 25 

5,1 

5.1 

April 


t5.50 

51 25 

7,7 


Mai . . . 


18,50 

51.75 

11.5 

11,1 

.luni . . . 


48.l>5 

55,25 

1 1,5 

: 15,0 

Jnli . 


(il.oo 

08 50 

18 1 

15.8 

An^.rn.‘<t . 


liO.OO 

m).5o 

1 5,0 

15,4 

Diirchschnittliche .lahre'^mpoi,^* 

008 25 

755.25 




I ^urcb^e•llmttllchp 




! 


,Jahreslpiii])pratur 



0,2 

8,0 


sauerung des Botlens hervorrief. eine W irkung. die bis jetzt in Rothainsted 
nicht beobaehtet wurde. 

Eine dritte wiehtige Versuchsreihe wurde niit (Tiundiingung diirch- 
gefiihrt. Diose Versuche sollten besunders den Wert von W icke (\tna) 
und Serif (Smapiti) als \'orfru(:lit vor W'eizen festslellen. Tiotz lietracht- 
licher Gruudiingungsgaben wurde jedoch die Ernte nicht weseiitlich 
gesteigert. 

Von IS76 bis zu seinem Tode ini .lahre 18S4 luitti* I)i\ Augustus 
Voelcker die Leitung dieser A'ei’suche in der* Hand. Sie wurde dann 
voii seincTii Solin Dr. »I. A. Voelcker libeinoininen. Ini (Mvtober 19-1 
gab die Kbnigliche Laiidwirtschalts-tTesellschalt den Betiieb auf. aber 
Dr. Voelcker fuhrte ihn privat weiter, bis er iin Oktober 1925 von der 
Station Rothanisted iibernoniineii wurde. det/A ist die Station Woburn 
als Unterabteilung der Station Rothanisted angeschlossen und untersteht 
(iemselben Komitee und der gleichen Verwaltung. Kiir/lich wiederum hat 

11 ' 
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die Kdnigliche Landwirtschafts-Gesellschaft der Station Eothamsted fiir 
mehrere Jahre einen besonderen Zaschufi bewilligt, der es ermbglichte, 
die Ergebnisse in der Statistischen Abteilung genau durchpriifen zu lassen. 
Kin vollstandiger Bericht ist als eine der Monograpliien von Rothamsted 
unter dem Titel „50 Jahre Feldversuche der Versuchsstation Woburn“ 
erscliienen; die wichtigsten Ergebnisse, die von allgemeinem Interesse 
sein diirften, sind in der vorliegenden Arbeit znsammengetafit. 

I. Die Dauer-Dcrstenversuche. 

I. Das Stickstoffproblem und die „Mineralstoff-Theorie**. 

Der Versuchsplan, nach dem in den ersten fiinf Jahren gearbeitet wnrde, 
zeigt, da6 die Absiclit der Versuchsansteller darauf hiiiausging, weitere 
Studien iiber die damals als ,,Stickstoff-rroblem“ bekannte Fragestellung 
zu machen: Namlich die Frage, ob Pdanzen Stickstoffgaben brauchen 
Oder ob — wie Liebig lange vorlier behaiiptet hatte sie sich allein 
mit mineralischen Diingemitteln eutwickela konrien wie Phosphaten, Alkali- 
salzen und alkalischcn Erden, Kalium, Natrium, Magnesium und Kalziuin. 
Die Auseinandersetzung iiber diese Frage war eine der wichtigsten Auf- 
gaben in (lilberts Leben und obgleich die meisten glaubten, dafi die 
Versuche in Rothamsted die Notwendigkeit der Stickstoddungung aufier 
jeder Frage gestelJt hatten, warden weder Gilbert noch J^awes gern 
auf die Mdglichkeit verzichtet haben, das Problem weiter zii erlorschen. 

Uberdies waren im Verlaufe der Versuche in Hotliamsted und ihrer 
Anwendnngen in der Praxis eine Anzahl von Problernen aut’getaucht, die 
es notweiidig machten, IJntersucluingen auf Bbden diirchzuliihren, die von 
dem in Rothamsted abwichen. 

Folgende Fragen warden bearbeitet. 

1. Kann (lierste bei leichtem Boden Jahr fur Jahr auf demselben 
Land gedeihen ? 

2. Kann Mineraldiingung allein die Frnchtbarkeit erlialten oder ist 
auch eine Stickstofldungung notwendig? 

3. Kann Stickstoffdungung allein die Fruchtbarkeit erlialten Oder 
ist auch Mineraldiingung erforderlich ? 

4. Angenommen, Stickslotldiingung erweist sich als notwendig, wie 
lafit sich dann schwefelsaures Ammoniak als Stickstolfquelle mit 
Natronsalpeter vergleichen ? 

0 . AVie stellt sich Stallmistdiingung zu kiinstlicher Diingung? 

<). Vv ie verhalt sich eine doppelte Meiige Stickstoif entweder als 
Stallmist oder als Kunstdunger im Vergleich zu einer einfachen 
Gabe ? 

Die \ersuche warden in alien Parzelleu nach dem damals fiir richtig 
gehaltenen folgenden einfachen Schema angestellt: 

L Lngediingt, 

2. Mineraldiingung allein, kein Stickstotf, 
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3. Keine Mineraldungung, nur Stickstoffgaben : 
aj Ammoniumsalze, 

b) Natronsalpeter, 

4. Mineral- + Stickstoftgabeii : 
aj Ammoniumsalze, 

b) Natronsalpeter, 

5. Avie 4. aber Stickstoftgaben in doppelter Menge. 

6. Stallmistgabe in einfaclier uiid doi)pelter Mengc. 

Die Stickstotfmengen, die in den kiinstlichen Diingemitteln gegeben 
warden, betrngeii 46 und 92 kg je Hektar; das ist etwas weiiiger als in 
Rothamsted, wo 4S kg je Hektar die Norm ist. Bei der Stallmistdiingung 
warden die Mengen nacb der Zasammensetzung des vorher den Tieren 
verabreichten Futtcrs bereclinet unter Berucksichtigung des Stickstoffes, 
den die Tiere entsprecdiend ihrer Lebendgewichtszunahme anfgenommen 
batten. Die Zalilen, die aaf diese Weise erhalteu und in den Berichten 
als ,,100 If and ,.200 //. NHg- je acre d acre — 4 046.7838 (pn) 

bezeichnet worden sind, entsprechen 92,1 bzw. 184 kg Stickstotfje Hektar. 
Man nahm dabei an, dafi kein 8tickstoffverlust eingetreten war. Spater 
jedoch hat Dr. J. A. Vo el eke r In den drei Jahren 1899 bis 1901 sorg- 
taltige Beobaclitungen iiber diesen Frozefi gemacht und gezeigt. dafi der 
V'erlust annahernd 32% betnig, so da6 die t’iir den Boden verwendeteu 
wirksamen Mengen sicher niclit die oben genannte Hbhe erreichten, sondern 
wabrsclieinlich ungefabr 62 und 123 kg je Hektar betrugen. [)iese Zalilen 
sind in der vorliegenden Arbeit zugrunde gelegt. 

Die durchschnittliclien Krgebnisse der in den ersten fiinf dahren 
durchgefiihrten Versuche sind in labelle 3 gegeben. Die Krtriige sind 
liocli, besonders auf der ungedungten Farzelle. 8ie zeigen keine Anzeichen 
von irgendwelcbem Sinkeu des Krtrages, obgleicb der Boden fiir arm ge- 
halten wurde, Mineralsalzgaben allein bewirkten keine weitere Steigerung 
des Ertrages, stickstofl'Iialtige Diingung allein ergab ei:ie deutliclie Zii- 
nahme des Krtrages, wahrend eine Vollduiigung noch hdbere Ernten 
erbraclite. 

Gegeiiiiber der Ernte von einer Farzelle ohne StickstotfgaLe \er- 
raehrte die erste Stickstoffgabe die Ernte urn 2 648 kg je Hektar ini Ge* 
samtertrag und 1120 kg je Hektar im Kornertrag. dedocli zeigte die 
zweite Stickstoffgabe eine geringere Wirkung: sie brachte nur eine Zu- 
nahrae von 1120 kg je Hektar Gesamiertrag und 336 kg je Hektar Korn- 
ertrag. Stallinist liatte eine geringere Wirkung als kiiiistlicher Diinger. 
selbst die starkere Diingung (123 kg Stickstott' je Hektar) ergab eine 
geringere Ernte als die Voll diingung, bei welclicr nur 46 kg Stickstoti’ 
je Hektar gegeben wurde. Durcli eine einfache Interpolation kbnnen wir 
schliefien, daU 123 kg Stickstoff je Hektar, im Stallmist gegeben, einer 
Menge von nur 28 kg Stickstoff im Natronsalpeter oder ini scliwefelsauren 
Ammoniak je Hektar ebtspriebt. 

Zwischen schwefelsaurem Ammoniak und Natronsalpeter bestand fast 
kein Unterschied in der Wirkung. 
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Tabelle :i. 

Die Gersteu-Ertra^e der Jabre 1877 bis 1881 in Doppelzentnern jo Hektar* 


Par- 

zelle 

DUngung je Hektar 

Stie.k- 

stoff 

ini 

Diiiifie* 
mitt el 

kg ha 

De- 

saiiit- 

ertrag 

Woburi 

Korn- 

ertrag 

Korn 

voin 

(ie- 

sarnt- 

ertrag 

°L 

(Je- 

sanit 

ertrag 

tothainsted 

Korn 

I voni 

! 7. 

I 

IJngedungl 



15.2 

to 1 

14,7 

17.1 

8,0 

.70 

7 

Ungediingt .... 


•41,1 

1 w. 1 

1 

42 




4 

Mineraldungung;) . . . 


2M U 

12,0 

4:{ 

21.0 

II.O 

.71 

2 

Aniinoniuuisalze . . . 

m 

48.2 

212 

4.4 

:v.\ 2 

10,8 

.70,5 

a 

Natronsalpeter . . 

40 

18,0 

2o]o 

11 

.40,0 

17.1 

18.5 

5 

Wie 4 -f- Anunoninnisalze 

m; 

55, 0 

2:i,H 

42 

54.4 

20.2 ’ 

48 

0 

Wie 4 -f- Natronsalpeter . 

10 

57,n i 

24.8 

41 

.70.!) 

20,8 

17 

S 

W4e 4 -}*- Amnioniumsalzc . 

02 

OHO I 

27,0 

11 




0 

Wb'e 4 j Natronsalpeter 

02 

08,0 : 

27.0 

;m 




10 

Stallmist . . ... 

02’) 

1 ;i0 8 . 

15,8 

42 




11 

Stallmist ... 

I2:t‘) 

! to.7 , 

2! 1 

15 

00 1 

42 0 

10 


Die Krfjebnisse siiul im allji^emeineii denjeniii^eii iihiilieh, die man in 
Hothamsted erlialteu hat. Dor HauptuiitersohicMi y.wistdien den nnjjedun^^ten 
Parzellen iind denjonigen init kunstlicdien I)unft;(‘mitt(*ln /eij*:l sioh deiitlicJi 
in dom Veriialtnis von Korn- /urn (iesamtertraji:' in Hothamsted bestand 
50% des (jesamtcrtrages ans Korn, vviihrend in WOburn der Anteil nui* 
42 7o hetru^; an beideii Orten g;aben Natronsalpeter eiiu^n etwas niedri^eren 
Anteil als schwofelsaures Ammuniak. Ai)er merk\viirdii»er\ve se erzielte man 
an ])eiden Orten niit Stallmist denselben Anteil (4 j l»is 46“,;,). 

Spiitere Untersuchun^en er<|:aben zwei weitere Dntersdiiode zwischen 
Hothamsted und Wobnrn; in Hothamsted fiel der Krtra'r erheblieh b(*i 
Weglassuu<>: von Fhosphordun^iiiio^, wiihrend man in W oburn eine iM'tracht- 
liche Verniinderun^^ nicht beoi)achten konnte. Xocli aiiftallender war es. 
da6 die dauernde Anwendiin^^ von schwefelsann‘m Aminoniak den Hoden 
in W oburn sauci’ niachte, wahrend in Hothamsted, wo melir Kalziumkarbonat 
vorhanden war, «aure nicht festfrestcllt werden konnte. Eine kleine An- 
derun^t in der Versuchsanstellun«f wiirde vor 1881 vorf^enommen, and nacli 
1906 warden die Dunj(er^,^aben bedeutend herab^^esetzt. Die Menj^e der 
Diing^emittel und die Ertriige sind in Tabelle 8 wiedergegeben. Den \ er- 
suchsplaii zeigt Abbildnng 1. 

Unged tingle JVirzeJlen. Die Ertf'iige der beiden ungediiiigten 
Parzellen wiifirend der ersten neun .lahre sind in Tabelle 4 dargestellt. 


4,4 (1/ Su])erpliosphat, 2,21 <lz Kalisullat, 1.12 dz Natrinm.sulfat, 1,12 dz Mag- 
nesiuinsuifat. 

*) 10 kg in Woburn und Is kg in hotliaiiHted. 

Scliiitzungsweise Die in den Berichten aufgezeichneten Mengen sin.l .1 12 dz 
XHa", bzw. „2,24 dz NHg“ ’ ’ 

bngefahr 2,24 dz in H<»thaitisted. 
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Anordnnng der Parzollen beim Danorgrerstonversuch. 

(Stackyard — Feld) 

10 A I 10 B I I IBB I .'lAA I I aBB I 2AA I I \ 



Abb. I. 

VersnchsjRhr 1921 : Bfi Iteelle KA, 8AA iiml 9A slicksMfflialli??- lumgeniitte! zuifefuhrt, 
bei 8 B, R BB iiml 9 B furtgplns'.en 
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Tabelle 4. 

Kornertrag in Doppelzentnern je Hektar* 


Parzelle 

1877 

1878 

J879 j 

1880 1 1881 

1882 

1883 

1884 

1886 

1 

13,5 

13,7 

i 

10,8 ] 

! 

19,1 1 18,8 

19,3 

17,9 

19,6 

12,8 

7 

12,2 

10,8 

7,4 1 

12,2 1 18,1 

: 16,5 

14,8 

19,7 

12,6 


tiber einige dieser gnten Ernten waren die Versuchsansteller ziem- 
lich iiberrascht. Das Land befand sich nicht in aufiergewbhnlich gntem 
Zustande, denn in dem Jahre, bevor der Versuch angesetzt wnrde, 1876, 
hatte der Weizen anf diesem Boden nur einen Ertrag von 23,0 hi je 
Hektar gebracht mit einem Strohertrag von 25,7 dz je Hektar. Der 
Gerstenertrag des Jahres 1877 betrng durchschnittlich 18,9 hi je Hektar, 
was also einen ganz normal en Ertrag bedeutet. Dann aber nahmen nach 
dem schlechten Sommer von 1879 die Ertrkge pldtzlich zu und gelangten 
anf Parzelle 1 zu einer nnerwarteten Hohe von 29,7 hi je Hektar; auf 
diesem Punkt hielten sich die Ertrage fiinf Jahre hindurch. Damals waren 
einige gute Jahre; 1882, 1883 und 1884 sind alle Uber dem Durchschnitt 
gewesen. Aber eine Ernte von dieser Hohe erfordert eine Stickstoff- 
Assimilation von ungefahr 45 kg je Hektar, eine Summe, die fiir einen 
acht Oder mehr Jahre hindurch ungedungten Sandboden ganz aufierge- 
wdhnlich erscheint. Jedoch nahmen die Ertrage nach 1884 auf beiden 
Parzellen gleichmafiig ab. 

2 . Die Wirkung der Minei aldiingungen. 

Phosphate und Kali. 

Einige , Jahre hindurch hatten Mineraldiingungen (Superphosphat, 
Sulfate von Kali, Natrium, Magnesium) — wenn allein gebraucht -- keinen 
Einflufi auf die Getreideernten : als jedoch die Verschlechterung einsetzte, 
verlangsamten sie das Absinken. In Tabelle 5 sind die Ertrage in Doppel- 
zentner je Hektar gegeben. 


Tabelle 5. 



JErste 15 Jahre 

Zweite 

15 Jahre 

Letzte 20 Jahre 


1877 bis 1891 

1892 

bis 1906 

1907 bis 1926 

Parzellen 

- - - 

— 


— 



Geaaint- ' Korn- 

Gesanit- 

Korn- 

Gesamt- 

Korn- 


Ertrag j Ertrag 

Ertrag 

Ertrag 

Ertrag 

Ertrag 

Mineraldangung (4) . . 

■miiim 

22,1 

! 

10.5 

17,1 

6,7 

UngedUngt (1 und 7) . . 


17,7 

1 8 0 

13,5 

5,0 

Unterschied 

1 _ : _ 1 

4,4 

! 2,5 

3,6 

1,7 


Die Mineraldiingnng wurde nach dem Jahre 1906 erheblich vermindert. 
Einen groBen Einflufi auf das Steigen der Getreideernten ttbten die 
Mineralsalze nnr dann ans, wenn sie als Zusatz zu Natronsalpeter oder 
schwefelsanrem Ammoniak gegeben warden, und dann war ihre Wirkung 
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in den zweiten 15 Jaliren sogar noch anffallender als in den ersten 
16 Jahren. Die Ertrage, Doppelzentner je Hektar, sind in Tabelle 6 
anfgezeichnet. 


Tabelle (>. 




Erste 

15 Jahre 
1H77 bis 1891 

Zweite 

15 Jahre 
1892 bis 1906 


Letzte 20 Jahre 

1907 bis 1926 


% 

N 

Ph 

(ie- 

samt- 

ertrag 

I Korn- 
1 ertrag 

(le- 

samt' 

ertrag 

Korn- 

ertrag 

Gesamtertrag 

h'ornertra^ 

Natronsalpeter 

Mineralsalze 

6‘) 

62, 

26,9 

49,1 

, 21,7 

27 

1 

,7 ! 

1 

10,8 

Keine Mineralsalze . . 


51,1 

1 22,0 

3.5,6 

' 15,0 

17 

',7 

6,7 

Znnahme 


11,8 

4,9 

1 5,5 

1 6,7 

1 9,0 

4,1 

Schwefelsaures Amnioniak 
Mineralsalze 

5*) 

56,0 

25,2 

20,2 

, 8,9 

Mit 

Kalk 

_! 

26.4 ' 

Ohne 

Kalk 

r ' " 

Mit I 
1 Kalk 

, 10,6 

Ohne 

Kalk 

3,0 

Keine Mineralsalze . . 

23) 

49,0 

, 

13,2 

, 5,6 

18,1 j 

8.3 : 

I 0,0 

, 6,9 

1 1,1 

Znnahme 


7.0 

5.1 

7,0 

3,8 

: 6.1 

3,7 

1 1,9 


Urspriinglich hatte man uicht beabsichtigt, einen Versucli durchzufuhren, 
am die Wirkung von Kali und Phosphorsaure miteinander zu vergleichen. 
Spater wurden fur diefc^en Zweck noch Parzellen hinzugenommen. Doch 
geben sie kein klares Bild, abgesehen davon, daB keines der beiden Diinge- 
mittel besonders Oder ausschlieBlicli notig zu seiii scliien. 

Viel spater in Woburn durchgefuhrte Versuche haben gezeigt, daB 
nnr gelegentlich entweder Kali oder Phosphorsaure eine deutliche Ertrags- 
steigerung bei Gerste oder Weizen liervorruft. 

Die spater (S. 284) aufgezeichneten Bestimmungen dcs Stickstoff- 
gehaltes des Kornes zeigen, daB sich die Wirkung dor Mineralsalze in 
zwei Richtungen erstreckt: Sie steigern eininal die gesamte Stickstoli- 
aufnahme der Pflanzen vermutlich dadurch, daB sie eine bessere Ent- 
wicklung der Wurzel gewiihrleisten und zum andereii befahigen sie die 
Pflanze, je Einheit des aufgenommenen Stickstoifs mehr Kolilehydrate zu 
produzieren, so daB sich dadurch die \\ irksamkeit des Stickstoifs in der 
Pflanze erhdht. 

3, Die Wirkung stickstoffhaltiger Dungemittel. 

N a t r 0 11 s a 1 p e t e r. 

Eine Diingung nur mit Natronsalpeter in einer Menge von 2,8 dz 
je Hektar (= 46 kg Stickstoff je Hektar) steigerte wahrend der ersten 
16 Jahre dnrchschnittlich den Gesamtertrag um 21.4 d/./ha und den Korn- 

') Nach 1906 Parzelle a b. 

*) Nach 1906 Parzelle 5 aa. 

») Nach 1906 Parzelle 2 b. 
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ertrag um etwa 8,8 dz/ha gegenuber der ungediingten Parzelle. Weit 
hdhere Leistungen erreichte man, wenn man auch Kali und Phosphorsfture 
zusatzlicb gab. 


Tabelle 7. 

Die je Kilogramm Sticlistoff (mil dem DUngremittel zngefUhrt) erzielten Ertrags- 
steigernngen in Kiiogramm Je Hektar. 


1877 bis 1891 

Natronsalpeter alleiii 

Natronsalpeter und 
Mineralsalze 

Woburn | Rolbnnisted 

1 

1 

Woburn j llotbamsted 


Einfaehe Gaben 


! 

Gesamtertrag . .... 

Kornertrag 

19 20 

73 78 

29 42 

I)oppelte Gaben 



Gesamtertrag 

Kornertraff 

— 

:>i — 

18 ~ 


Die doppelte (jabe you Natronsalpeter bruchtc einen nocli liohercn 
Krtrag, allerdings koine Veririehrung urn das D()j>pelte, so da6 der Stick- 
stotF je Gewichtseinheit weniger wirksani warM iTabelle 9). 

Das Ergebnis alinelto dem von KothamstcMl: dort wiirde anch bei 
Krtragssteigerung die Wirksamkeit des Stickstofl's durch Kali und Phos- 
phorsaure erhoht, aber vermindcrt, wi^nn die N-Dlingermenge Tiber ein 
bestimmtes Ma6 hioausging. Trotz des rnterschiedes in der Bodenart 
stimraen die Bilder oinigerniaden iiberein. Dio Versiiche waren in Rotham- 
sted 25 Jaliie elier begonnen wordeii als in Woburn, allerdings liatte man 
bis znm Jalire 1868 noch koine Versuche mit Natronsalpeter angesetzt. 
Die Stoigerungen des Gesamtertrages und des Kornertrages je KiJo- 
gramm zugcfnhrten Stickstofts unterschieden sieh bei einer Zusamnien- 
fassung von Je fiinf Jahren nur wenig von deiijenigen, die in Rothainsted 


'r ;i belie H 



Natronsalpeter aJleiii 

Natronsalpeter und 
Mineralsalze 


Woburn Kothamsted 

Woburn 1 EolhamBted 

1 

Einfaehe Dungung 


1 

Gesaniiertrag 

Kornertraff 

18 40 

0 U 

.48 49 

I 9:i 


*) Nach den ersten fUnf Jaliren (d li. naeh IH8B) lassen sicli die doppelt starken 
DUnguugen nicht genau mit den einfachen vergleichen, weil sie auf einer halben Parzelle 
zur Anwenduiig kamen, die irri vorhergehenden Jahr keine Stickstoffgabe erhalten hatte, 
wahrend einfaehe Diingungen stets auf einfaclie des Vorjahres folgten. Daher kamen bei 
der einfachen Dungung „N{ichwirkungen“ zum Ansdruck, wahrend dies bei den doppelten 
Gaben nicht der Pall war. 





Steig^erung <los Orsaait* tiod Kornerirages der Gerste diirrh NatrooKai peter and Stallmist. 


Punfzig Jahre Dauerfeldversuche in der Versuchsstation Woburn. 


171 



2) D h. L'berschiiB iiber flie Ertrage der uiigediingten Parzellen 1 und 7 und cler Parzelle 4, die nur Mineralsaize erhalten batte. 

Di.‘ Aiigabea von Rothamsted beziehen sich aiif die Parzellen lAA und 10 sowie aiif 4AA und 40. Die Einteilung der Jahre ist fiir Rothamsted so 
festgesetzt wie fiir Woburn, weiin es aiirli dort nicbt die ,.ersten 15Jaljre“ Avaren, da der Versuoh in Rothamsted schon 1852 begonuen hatte 
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■wfibrend der ersten 26 Jahre erreicht waren. Die Ergebnisse der beiden 
Stationen sind fiir die Jahre 1877 bis 1891 in Tabelle 7 dargestellt. 

Nach dieser ersten Periode begann eine Abnahme in der Wirksam- 
keit des Natronsalpeters, das Sinken machte sich in Woburn schneUer 
bemerkbar als in Rothamsted. Die Zunahme je Kilogramm Stickstoff in 
den letzten 20 Jahren (1907 bis 1926) ist in Tabelle 8 dargestellt 

Die fur die letzten 20 Jahre (1906 bis 1927) in Woburn ermittelten 
Werte kbnnen nicht genau mit den friiheren verglichen werden, teils, weil 
die Diingung mit Stickstoff spater erfolgte als in den Jahren vorher'), 
teils aber hauptsSlchlich deshalb, weil eine Anderung in der Diingung 
eingetreten war. Die Werte fiir 100 kg Stickstoff hangen von der Menge 
der gegebenen Diingemittel ab und brauchen fiir 22 kg nicht nnbedingt 
dieselben wie fiir 44 kg Dungemittel zu sein. 


Tabelle 9a. 

Die durckschnittliclie, jahrlich von den Fflanzen anfgenommene Stickstoffmenire 
in Kilogramm Je Hektar. 


— 

— 





- 

— 

- 

— 








Oerste 




Geaamt- 











ergebnis 

1882 

bis 

1926 

Parzclle 

1882 

1887 

1892 

1897 

1902 

1907 

1912 

1917 

1922 


bis 

bis 

bis 

bis 

bis 

bis 

bis 

bis 

bis 


1886 

1891 

1896 

1901 

1906 

1911 

1916 

1921 

1926 

1 und 7 

32 

29 

1 26 

19 

20 

12 

17 ! 

14 

9 

898 

4 a 

29 

32 

1 i 

1 25 

24 

14 

24 j 

19 

13 

1064 

2a 

67 

65 

1 53 

14 

2 

— 

— 1 

— 

— 

— 

3 a 

64 

56 

57 

47 

40 

30 

' 24 1 

21 

: 20 

1799 

5 a 

60 

64 

1 67 

19 

7 

i — 

1 

— 

... 

... 

H 

75 

67 

73 

62 

53 

! 29 

32 

28 

21 

2209 

9 mit N. 

100 

86 

94 

84 

81 

44 

37 

1 .36 

' 30 

2964 

9 ohne N. 

54 


52 

37 

35 

25 

26 ! 

1 oo 

18 

1661 

n h 

78 

! 55 

72 

1 57 

! 58 ' 

49 

' 45 

' 48 

31 

246(> 


Die aus den vollstandig gediingten Parzellen erhaltenen Werte be- 
criigeu je Einheit des zugefiihrten Stickstoffs 38 und 42 Einheiten des 
Gesamtertrages und 15 und 18 Einheiten des Kornertrages. Die Zahlen 
Slndern sich je nach der Hohe der Stickstoffgabe ; sie liegen ungetUhr 
20 unter den entsprechenden Werten in Rothamsted. Sie diirften des- 
halb von einigem Interesse sein, weil sie nicht nur genau so hoch sind 
wie diejenigen Werte, die in der ersten Periode durch starke Diingung 


*) Durchacbnittliche Daten der DUngung mit Natronsalpeter und schwefelaaurem 
Ainmoniak : 



Dauernder 

Weizenbau 

Dauernder 

Gerstenbau 

1880 bis 1886 

2. April 

22. April 

1887 bis 1896 

1. Mai 

8. Mai 

1897 bis 1906 

12. Mai 

23. Mai 

1907 bis 1916 

26. Mai 

30. Mai 

1917 bis 1926 

8. Juni 

15. Juni 





SteieerBR^ des Geftamt- and Kornertragres bei Weizen durch >atronsalp«ter and Stallmist. 
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Steigerung 
des Kom- 
ertrages je 
Doppelzent- 
ner mit dem 
Diingemiitel 
ziigefnhrten 
Stickstoffs 

C -t X f X 1- 1 IM X 

Von 

der Pfianze 
aus dem 
Diingemittel 
aufgenommen 

xcci— oxi*!: — -ixit- 

Steigerung 
des Gesamt- 
ertrages 
je Einbeit 
des mit dem 
Dungemittel 
zugefiihrten 
Stickstoffs 

» c o; i~ X X X o 1 ic 1 - X 

X !'» -t »— X X 'M 1 X X »— 

S; ® 

2 ® ^ 

o8 £ 2 ^ ^ 

5 SjO'S ^ 

^ X 

oi X Oi a X, X o oi » X w 
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*) Nur 10 Jalire, von 1882 bis 1891. 

*) D h tiberschufi iiber die Eitrage der iingediingten Parzelle 3 und 7 und der Parzelle 4, die nur Mineralsalze erhalten hatte. 

Die Angaben von Rothamsted beziehen sich auf die Parzellen 1 AA und 10 sowie auf 4AA und 40. Die Einteilang der Jahre ist fiir Rothamsted so 
festgesetzt wie fiir Woburn, wenn es aueh dort nicht die „ersten In Jahre ‘‘ waren, da der Versnch in Rothamsted schon 1852 begonnen hatte. 
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Tab ell e 10 a. 

Die durclischnittliche, juhrllch von den Pflanzen aufgenominene Slicbstoffmengo 
in Kilogramm je Hebtar. 






Weizen 

— 

— 

’ 


Gesamt- 

Parzelle 

1882 

1887 

1892 

1897 

1902 

1907 

1912 

1917 

1922 

ergebnis 

1882 


bis 

bis 

bis 

blH 

bis 

bis 

bis 

bis 

bis 

bis 


1886 

1891 

J896 

1901 

1906 

1911 

1916 

1921 

1926 

1926 

1 und 7 

37 

30 

22 

21 

20 

i 

21 i 

1 ; 

1 1 

■ 0 1 

8 

989 

4a 

30 

30 

20 

1 19 

18 

19 

1 16 

21 i 

10 

963 

3a 

60 

52 

40 

j 45 

36 

37 j 

27 ! 

31 j 

IH 

1725 

6 

HO 

68 

i 54 

1 60 i 

50 

:18 1 

31 

10 

20 

2218 

lib 

69 

66 

1 49 

1 '^4- 

54 1 

46 j 

37 

19 i 

20 

2222 


von 02 kg je Hektar erreicht warden, sondern weil sie auch ziemlich 
genan mit den Durchsclinittsergebnissen nnserer in jiingster Zeit in 
praktischen Betrieben dnrchgefuhrten Versuche und den kiirzlich in Deutsch- 


land errechneten Mittelwerten ubereinstimmen. 

Tab elle U. 

Steigrt ruDK' dos Kornertrages jo Einhoit Sfickstoff. 

Woburn: Dauer-Geratenversuch in den letzten 20 Jnhren 1 5— in 

Eothanisted : Dauer-Gerstenversuch in den letzten 20 Jahren (Parzelle 4 AA) . . 

Letzte Feldversuche in England bei einer Gabe von 1,25 dz achwefelsauren Ammoniak 

je Hektar j 5 

Die letzten Versuche in Deutschland. Lenimermann 18^5 



4’ataiichlicher Ertrag, Parzelle 4. 

Steigerung des Ertrages, Parzelle 0 iiber Parzelle 1. 

Steigerung des Ertrages, Parzelle 0 iiber Parzelle 4. 

Steigerung des Ertrages, Parzelle Mb iiber Parzelle 1. 

Abb. 2 a. 

Steigerung des Gesamtertrages bei Gerste 
durch Natronsalpeter- und Stallnust-Diingung. 

Diese Zahlen stellen naturiich nur JXirclischnittswerte dar; die wirk- 
lichen Werte weichen von .lahr zn .lahr betrachtlich ab. Wenn die Par- 
zellen ohne Stickstoff hohe Ertrage liefern, sind die Unterschiede grSfier 
als wenn sie schlechte Ernten bringen. Die tatsacbJichen Ergebnisse sind 
darch Abbildung 2a nnd 2 b dargestellt. Man batte annehmen kbnnen, 
daB die verminderte Dungnng nach 1907 gegeniiber der ursprflngUchen 
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Dungnng einen entsprecheod grofieren Unterschied der Ertrage hervor- 
rufen wurde, aber diese Vermutung bestatigte sich nicht. Die Beobacbtung, 
dafi immer in den Jahren niit geringen Ernten die Ertrage langsamer 
abnehmen als in den Jahren mit hbhereii Ernten zeigt, dafi stickstotf- 
haltige Diingemittel die Ernten anf derselben Hohe lialten and die dnrch 
den einseitigen Anban bedingte Verschlechterung in einem gewissen Aiis- 
mafi abschwachen. 

Diese bei Stickstoffgaben erzielten Ergebiiisse stehen irn Gegensatz 
zu denen bei Mineralsalzdiingung; liier hat der Ertrag die Tendenz ziim 
Steigen, wahrend er ohne Mineralsalze fallt. 



Tatsaclilicher Ertrag, Parzelle 4. 

Stcigeruiig des Ertrages, Parzelle ♦> rtber Parzelle t 

Steigernng des Ertrages, Parzelle uber Parzelle 4. 

Steigerung des Ertrages, Parzelle lib iiber Parzelle 1. 

Abb. 2 b 

Steigerung des (lesamtert rages bei W e i z e n 
(lurch Nat roil >al peter- uiid Stallinist-Puiigung. 

Ertragssteigerungen je Kilogramm aufgen omme nen Stickstoft's. 

Angaben uber die von den Pflaiizeii aufgenommene Stickstoffmenge 
linden wir spater (S. 184). 

DiePMragssteigerugen Je Kilogramm aufgenommenen Stickstoff sind in 
Tabelle 10 gegeben. Diese zeigen viel weniger Abweichungen als die vorher 
aufgefulirten Ertrage. Es ist hieraus ersichtlich, dafi der verminderte Ein- 
flufi der zweiten Stickstoffgabe und das Naclilassen der Wirkung in der 
zweiten und dritte Periode vom Jahre 1SP2 an nicht einem Versagen des 
Stickstoffes in seiner Wirkung innerhalb der Prianze zuzuschreiben ist, 
sondern veranlafit wird durch mangelnde haliigkeit der PHanze, den 
Stickstoff auf/unehmen. 

Schwefelsaures Ammoniak. 

Wiihrend der ersten 15 Jahre liifit sich die Haiiptwirkung des schwefel- 
sanren Ainmoniaks mit der des Natronsalpeters vergleiclien. Die Wirkung 
seines Stickstofts betragt, wenn man diejenige des Natronsalpeters = 100 
setzt, wie folgt: 

Fiir 46 kg Stickstoff allein .... 102 

+ Mineralsalze . . 

Fiir 92 kg Stickstoff + Mineralsalze . . 96 
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Beinahe sofort hinterher setzte eine VerniinderuDg der Ertrfige ein. 
Dieses rasche Sinken ist in Tabelle 12 dargestellt. Bis znm Jahre 1891 
hatte das schwefelsaure Ammoniak auf Parzelle 2 eine etwas grdfiere 
Wirkung als Natronsalpeter auf Parzelle 3. Vom Jahre 1892 an lieB die 
Wirkung nach, und iiinerhalb weniger .lahre sunken die Ernten so weit 
herunter, dafi die Ertrage schliefilich fast ganz schwanden; sogar mit 
dem Unkraut war dies der Fall, nur Ackerspbrgel {Spergnla arvensis) machte 
hierbei eine Ausnahme. In dem gesamten Bereich der britischen Beld- 
versuche ist nichts so auffallend gewesen wie diesc Gerstenparzellen, von 
denen die Parzellen 1, 2 und 3 einander am niichsten standen. 


Tabelle 12. 

Kornortrlige in Doppelzentnern Jo Hekiar. 

Etn Yergleich zwiachen achwefolsaarem Ammoniak und Natronsalpeter. 
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Keiiie Mineralsalze 
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i 



1 

Ungedfln^ft 


1 7.5 , 1 I ,H 

lo,a 

H.;i 10, a ^ 4, a 

5,8 

3,4 

3 

Natronsalpeter allein . . 

IH.O 

22,7 IH.I 

24.5 

11,7 21,2.10,4 

11,6 

12,6 

2 

Schwefelsaures Ammoniak 




i 




allein 

i«,n 

23,H 1 

20,3 

8,4 ' ia,4 8,3 

6,5 

5,5 


Mineralsalze 







4 

Ohne Stickstoff .... 

i 

19,5 1 15,7 

18,2 

9 , 9 ; 13,7! 8,7 

^ 7,9 1 

6,2 

« 

Natronsalpeter 

20,1 : 

31,4 i 24, a 

32,5 1 

13 8 29,3 1 18,1 

18,0 

20,0 

5 

Schwefelsaures Ammoniak. 

10.9 1 

30,2 22,9 

29,4 

1 1 .9 1 29,2 1 9,4 

9,4 1 

7,4 


Beim Betracliten der Parzellen hat man zuniichst den Eindruck, dafi 
die Gerste auf der sauren Parzelle 2 nicht gekommen sei. Das ist aber 
nicht der Fall. Die Saat hat gekeimt und die Keimlinge sind vorschrifts- 
mafiig gekommen. Das Wurzelsystem ist sehr verkiinimert; die Wurzeln 
sind sehr dick und tragen nur wenig Wurzelhaare. Die Blatter bekommen 
an den Spitzen eine rolliche und an der Basis der Blatlscheide eine gelbe 
Farbung; bald kbnnen sie nicht mehr in dem dicht gewachsenen Acker- 
sporgel (Spergula) erkannt werden, der die ganze Parzelle iiberwuchert 
und eine Hdhe von 15 cm erreicht. Von April an ist die Gerste nicht 
zu sehen. Beim sorgfaltigen Suchen in dem Unkraut merkt man aber, 
daB die Gerste noch am Leben ist und ihre normalen Wachstumsstadien 
durchmacht. Obgleich die Pflanze nur 20 bis 25 cm hoch ist, wird sie reif und 
bringt diinne Ahren mit winzigem Korn hervor, ungefahr zur gleichen Zeit 
wie die normalen Pflanzen auf den angrenzenden Parzellen. Diese verkiim- 
merten Pflanzen sind sehr merkwiirdig; sie werden jetzt genau untersucht 
und sind sieher die kleinsten Gerstenpflanzen, die Jemals gewachsen sind. 

Die drei Eigenschaften : fleckweises Auftreten, verkriippeltes Wnrzel- 
system mit einem aufiallenden Mangel an Wurzelhaaren und verkiimmertes 
Wachstum sind jetzt als Merkraale fiir Bodensaure festgestelJt worden, so 
dafl man sofort die Felder erkennen kann, die eine Kalkung ndtig liaben. 
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Ein Vergleich der Parzelleii 5 und 6 (Schwefelsaures Ammoniak Oder 
Natronsalpeter mit Mineralsalzen) zeigt, daB das Sinken der Ertrage bei 
schwefelsanreiu Aminoniak sich im Verhaltnis zu Natronsalpeter genau so 
bald bemerkbar machte wie bei den Parzellen 2 und 3. Zusatzliche Mineral- 
salzgaben vermochten also den schadlicheo EinBuB der Saure weder zu 
hindern noch aufzuschieben. Im Gegenteil, die Tendenz ging sogar in 
entgegengesetzter Richtung. Die Mineralsalze verhinderten es immerbin, 
daB die absoluten Ertrage auf den sauren Parzellen zu stark absanken, 
und bis zum Ende der Versuchsperiode konnte immer noch ein gewisser 
Ertrag geerntet werden, wenn er auch in einigen .Jahren nur eine Hohe 
von 1,34 Oder 2,01 dz je Hektar erreicht hatte. Die Ernten sind nicht im 
einzelnen untersucht worden; aber weder der Prozentsatz des Stickstofts 
im Korn noch das Verhaltnis von Kornertrag zum Gesamtertrag weichen 
bei diesen Parzellen mit saurem Boden merklich von den bei anderen 
Parzellen gewonnenen Ergebnissen ah {Tabelle 21). 

4. Die Wirkung von Kalk auf Parzellen mit saurem Boden. 

1897 hatte sich die Ein wirkung der yaure auf die Parzellen mit 
schwefelsaurem Ammoniak deutlich bemerkbar gemacht; die Parzellen 
warden deshalb nochmals geteilt und einzelne von diesen Stucken warden 
mit Ivalk behandelt. 

Die einfachste Wirkung erzielte roan mit einer Gabe von 25 dz Kalk 
je Hektar auf eine Parzelle, die auBerdem noch voile Mincraldiingung 
erhielt (Parzelle 5 A A). Fiir einen Zeitabschnitt von acht bis zehn Jahren 
nach der 1905 zum ersten Mai angewendeten Kalkung^j wurde durch diese 
der Ertrag bis zu der Hohe der entsprechenden Natronsalpeter-Parzelle 
(Parzelle 6) gesteigert; aber dann machten sich Anzeicheu der Abnahrae 
bemerkbar. Deshalb wurde 1916 eine zweite Kalkdiingung ebenfalls in 
einer Starke von 25 dz je Hektar durchgefuhrt. Bis zum Jahre 1926, 
in dem der Versuch zum AbschluB gelangt war, liielt d^ese zweite Diingung 
den Ertrag auf der von der Natronsalpeter-Parzelle erreichten Hohe. 

Bei Kalkdiingungen mit 50 dz je Hektar wurden die Wirkungen ver- 
wickelter (Abb. 3). Die ersten Diingungen von 1897 brachten Ergebuisse, 
wie sie eben beschrieben w^orden sind; aber die zweiten Diingungen vom 
Jahre 1912 zeigten erhebliche Abweichungen. Mit und ohne Mineralsalz- 
gaben steigerten sie beide den Ertrag weit fiber den der entsprechenden 
Parzelle mit Natronsalpeter (Parzelle 6B); fiir zwei oder drei Jahre be- 
hielten sie diesen Vorrang; dann sunken sie ungefahr bis zu der Hohe der 
mit Natronsalpeter gediingten Parzelle und verblieben dort bis zum Schlufi. 

Angenommen, die anfangliche Wirkung ware tatsachlicli vorhanden, 
so muB man dem Kalk eine Zersetzung der Bodensubstanz zuschreiben: 
Entweder die wohlbekannte schnelle Zersetzung der organischen Stoffe, 
die sich in der Bildung leichter zugknglicher StickstoilVerbindungen aus- 
wirkt Oder in der Abgabe verfiigbaren Kalis von schwer zersetzlichen 

») Die Diingung erfolgte im Mai *und hatte im erstt^n Jahre noch keinen EinfluB. 

Undm. Jh. Bd. 84 Hnft 2 
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Bodenkomplexen — eine Wirkung, die gewohnlich oft in den Lehrbiichern 
beschrieben wird, fiir die in England aber immer wenig wirkliches Be- 
weismaterial erbracht worden ist. Die Tatsache, dafi ein gesteigerter 
Ertrag dnrch Minefalsalzgaben erzielt wird, deutet darauf bin, da6 die 
Wirkung eigentlicb darin besteht, mehr Stickstoft als Kali freizumachen. 
Im Vergleich zu der neutralisierenden Wirkung des Kalkes sind diese 
Einfliisse jedoch alle von untergeordneter Bedeutung. 



Ss ohne Kalk 

Saa Je 2 Gaben von 25 dz Kalk je ha 1905 and 1916 zugefuhrt 

5 fj jg 2 Gaben von 50 dz Kalk je ha tm November W7 und 1912 zugefuhrt 

Q Natronsalpeter (ohne Kalk) 

O Jahre, m welchen Kalk zugefuhrt wurde 

Abb. 3. 

Wirkiingen von Kalk in grofien und kleinen Gaben auf dem sauren Koden in Woburn 
mit schwefelsaurem Aminoniak und mineralischer Duugung. 

Es ist bemerkenswert, was fiir einen groBen Erfolg schwache Kalk- 
diingungen gezeitigt haben* Sie haben Ertrage erzielt, die weit libber 
waren als diejenigen, die mit einer Dungung von schwefelsaurem Ammoniak 
alleiii erreicht worden waren. Die von 1909 bis 1912 durchgefiihrten drei 
Diingungen bielten die Ernten bis 1920 auf der gleicben Hobe, d. b. die 
18 dz schienen iiber zehn Jahre wirksam zu sein, wahrend die Dungung 
mit 12 dz vom Jahre 1923 den Ertrag der Parzelle 2 BB (100 dz Kalk 
zusammen) iibertraf, nacbdem der Ertrag vorber auf den der Parzelle 2 A 
gesunken war. 

Diese schwachen Diingungen wurden weit sparsamer ausgenutzt als 
die starken; allerdings wiirden sie fiir die Verwendung in der Praxis 
wabrscheinlich weniger vorteilhaft sein, da sie geringere Ertrftge brachten. 
Infolge der jahrlichen Schwankungen im Ertrage ist es nicht mbglicb, die 
Wirksam keitsdauer des Kalkes mit Sicherheit festzustellen. 

Die Ertrage der mit Kalk behandelten Parzellen fielen ab gegeniiber 
den mit Natronsalpeter gediingten Parzellen; aber selbst nach IB Jahren 
sanken sie nicht bis zu den geringen Ertragen der Parzellen berunter, 
die nicht mit Kalk gediingt waren. 
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Nur auf den mit schwefelsaiirem Ammoniak behandelten Parzellen 
zeigten sich diese deutlichen Wirkungen des Kalkes. Die Parzellen, die 
Mineralsalze, aber keinen Stickstoft, erhalten batten, reagierten sebr wenig 
auf die Kalkdungung; in den ersten Jahren bewirkte Kalk eine deutliche 
ErU’agssteigerung, die auf eine Abgabe verfiigbaren Stickstoffs hindeutet. 
Spftter aber sind diese Unterschiede weit geringer und mogen tatsMilich 
durch Verschiedenartigkeit des Bodens veranlaBt gewesen sein. Die Kalk- 
diingung aul der Halite der Parzelle 8 (ein Jalir iini das andere eine 
doppelte Gabe schwefelsaures Ammoniak und nur im Jahre 1897 und 
aufierdem im Jahre 1912 eine Kalkdungung von 50 dz je Hektarj steigerte 
in den Jahren mit zusatzlicher Diingung von schwefelsaiirem ilmmoniak 
zwar die Ertrage, allerdings nicht bis zu der Hohe der entsprechenden 
Parzelle mit einer Dungung von Natronsalpeter (Parzelle 9 ). In den Jahren, 
in welchen Stickstoff nicht zur Wirkoug kam, waren die Ertrage des ge- 
kalkten Stiickes ebenso gut wie diejenigen der ohne Stickstoff behandelten 
Parzelle 9; anscheinend war hier kein Saureruckstand zu beobachten. 

5 . Stallmistdiingung. 

Die ursprungliche Versuchsanordnung sah zwei Parzellen mit Stall- 
mistdiingung vor, die ungefilhr 4 bzw. 8 Tonnen (1 Tonne = 907,1853 kg) 
je acre (=40,4678 a) mit 55 und 110 Pfd. Stickstoff (=62 bzw. 124 kg 
N je Hektar) erhielten. Der Arbeitsplan wurde 1882 insofern erweitert, 
als noch Versuche mit Nachwirknngen angesetzt warden. Die vier Parzellen 
blieben bis 1887 in Bearbcitung, dann wurden die beiden schwach ge- 
diingten Parzellen aus dem Versuch herausgenommen. 

Tabelle 13 bringt die in den zehn Versuchsjahren beobachtete Steige- 
rung des Gesamtertrages in Dopi)elzentnern je Hektar' ). 


Tabelle l.'i 



Ertragssteigening 
gegen liber den uiigedimgten 
Parzellen (1 und 7l 

Brtragssteigeriing 
gegeniiber der nur mit Mineral- 
salzeii gediingten i’arzelle (4) 

Binfacbe 

(^aben 

62 kg ha 
Stickstoff 

Doppelte 

iVerhiUtnis 

I2J kg ha 

1 Stickstoff ' 

Einfache 

Gabon 

62 kg'ha 
Stickstoff 

j Doppelte 

1 Gaben 

I 124 kg/lia 

1 Stickstoff 

iVerhaltnis 

1 

! 

Die ersten 6 Jahre 

{ 



1 



1877 bis 1881 .... 

5,5 ! 

1 

■ 5,4 

1 : 2,8 

7,9 

17,8 

1 : 2,2 

Die zweiten 5 Jahre 







1882 bis 1886. . . . 

9,5 1 

24,5 

J :2,6 

11,8 

26,9 

1 ; 2,4 


0 Die Stallmistdiingung wurde nicht imnier in derselben Weise durchgefuhrt. In 
der Zeit von 1877 bis 1888 wurde Stallmist im Herbst vor der Aussaat untergepfliigt, 
wfthrend der darauffolgeiiden Periode von 1889 bis 1906 wurde Stallmist als Kopfdiingung 
im Frtthjahr verwendet. Bin eindeutiger 7ergleich lafit sich nicht durchfiihren, aber die 
durchschnittlichen Ertrfigc sind in beiden Zeitraumen fast dieselben, so dafi zwischen den 
beiden zur Anwendung gekommeuen Dungungsmethoden irgendwelcher Unterschied prak- 

12 * 
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Das obige Resultat weicht insofern von dem bei einer Diingung mit 
Natronsalpeter gewonnenen Ergebnis ab, als sich bier die zweite Gabe 
gegeniiber der ersten genau so, wenn nicht noch stSlrker, in ihrer Wirknng 
zeigt nnd damit wird auch der von der Praxis vertretene Standpunkt, 
dem Boden lieber groBe Stallmistgaben aber kleine Mengen kiinstlicher 
Diingemittel znzufiihren, gerechtfertigt. Nach Ablanf der Versnchsjahre 
fiel ein zweiter Unterschied deutlich in die Angen : Stallmist behielt seine 
Wirksamkeit bei, hier zeigte sich nicht ein solches Absinken wie bei eiher 
Diingung mit Natronsalpeter und schwefelsanrem Ammoniak. Vom Beginn 
bis fast zum Abschlufi des Versuches hindurch ergab ein Teil Stickstoflf 
in der Stallmistdiingung regelmafiig etwa 20 bis 24 Anteile des Gesamt- 
ertrages nnd 10 Anteile des Kornertrages. Natronsalpeter hingegen biiBte 
jm Laufe der Zeit an Wirksamkeit ein nnd ergab in den letzten Jahren 
nnr 35 Teile des Gesamtertrages nnd 11 bis 15 Teile des Kornertrages 
gegeniiber 73 Anteilen des Gesamtertrages nnd 29 Anteilen des Korn- 
ertrages in den fruheren Jahren. 

Wenn man salpetersaures Natron = 100 einsetzte, liefi sich doch dnrch 
die eben erwahnten zwei Unterschiede in der Wirknng kein festnragrenztes 
Aquivalent fiir den Stickstoff in der Stallmistdiingung festlegen. Die er- 
haltenen Werte stiegen von 23 in den ersten 15 Versuchsjahren (Parzelle 6 
mit einer Stickstoffmenge von 46 kg je Hektar wnrde als Grnndlage fiir 
den Vergleich benntzt) bis anf 70 in den letzten 15 Jahren, wahrend die 
Wirkung des Natronsalpeters erheblich nachgelassen hatte. Der friihere 
niedrige Wert hat praktisch eine grOBere Bedeutnng als die spkteren 
hOheren; er wnrde 1932 dnrch die Kohlversuche, bei welchen schwefel- 
saures Ammoniak als Vergleich herangezogen wnrde, bestatigt. Die Zahlen 
sind folgende: 

Gerste, die ersten 15 Jahre . 23 (Natronsalpeter) 

Kohl, ein Jahr 22,4 (schwefelsaures Ammoniak) 

Die Zahl gibt die Wirkung nnr fiir das Jahr an, in dem die Diingung 
erfolgte; bei Berucksichtigung von Nachwirkungen wiirde sie sich erhOhen. 

Im Vergleich zu den kiinstlichen Diingemitteln zeigt die Stallmist- 
diingung noch eine besondere Eigentiimlichkeit in ihrer Fahigkeit, den 
Kohlenstoflf- und Stickstotfgehalt des Bodens fiir eine lange Anbauperiode 

tisch nicht besteht. Die Zahlen der unten aufgefiihrten Ertrage heziehen sich auf Doppel- 
zentner je Hektar. 



Untergepfliigte 
Diingung 
1877 bis 1888 

KopfdUngung 
1889 bis 1906 

Weizen: Gesamtertrag . . 

52,8 

48,6 

Kornertrag . . . 

17,8 

17.4 

Gerste: Gesamtertrag . . 

50,5 

51,3 

Kornertrag . . . 

23,0 

23,4 


Die Stallmistdiingung wnrde von 1906 an bei Gerste nntergepfliigt, bei Weizen 
hingegen kam sie als Kopfdungung znr Anwendung. 
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hindurch auf der gleichen Hdhe zu halten. Bei Parzelle 11 b zeigte sich 
weder eine Ab- noch eine Znnahme von Kohlenstoff and Stickstoff, bei 
alien anderen Parzellen dagegen ein Verlust an beiden. 

Leider wurde die Parzelle 10 aus dem Versuch heransgenommen, 
so dafi wir nicht benrteilen konnen, ob eine geringere Stallmistdiingung 
geniigt baben wurde, um den Kohlenstoff- imd Stickstoffgehalt des Bodens 
in der gleichen Weise zn erhalten iS. 248). 


6. Rapskuchen als Diingung. 

1888 wurde mit der Stallmistdungung (62 kg Stickstoff je Hektar) 
auf Parzelle 10 b abgebrochen und an ihrer Stelle Rapskuchendungung 
gegeben. In den darauffolgenden 17 Jahren wurde mit einer Gabe von 
92 kg Stickstoff je Hektar gediingt, vom Jahre 1906 an nur mit dem 
vierten Teil dieser Menge. 

Der Erfolg der starkeren Diingung zeigte sich darin. dafi die Ernte 
annkhernd bis zu der Ertragshohe der Parzelle 11 b, die Stallmist in 
einer Menge von 123 kg je Hektar erhalten hatte, gesteigert wurde, ein 
Beweis dafiir, dafi der Stickstoff ira Rapskuchen genau die gleiche Wirkung 
besitzt wie im Stallmist (Tab. 14). Hier kanu allerdings die Einwendung 
gemacht werden, dafi die vor 1888 gegebenen Diingemittel sicherlich 
Ruckstande ira Boden iibrig gelassen haben, deren Wirkung sich nicht 
bestimraen Ikfit. 

Nach 1911, d. h. nach dem 22. Jahre der ununterbrochenen Raps- 
kuchendungung, setzte eine bemerkenswerte Veranderung ein : Die Ertragc 
begannen rasch zu sinken und kamen bald auf die Ergebnisse der Par- 
zelle 4 (Mineralsalze ohne Stickstoff’), ein Zeichen dafiir, dafi der Stick- 
stoff seine Wirkung verloren hatte. Wir kdnnen uns diesen Ausfall nicht 
erklaren. Die Parzelle wurde sanrer und dieses mag die unmittelbare 


Tab e 1 1 e 14 . 


Ble Steigerung der Ertr^ge je Kllograuiiu 8ficks1off der Stallmist- und Raps- 
kucheiiparzello. vergliehen mit Parzelle 4, die nur Mineraldlingnng erliielt. 


IRHI 

1900 

1907 


im 

1922 

bis 

bis 

bis 



bis 

1899 

1900 

1911 

Bfl 

HU 

192 H 


Rapskuchen 

92 kg ha Stickstoff 
23 kg/ ha Stickstoff 
Stallmist 

123 kg'ha Stickstoff 
92 kg/ha Stickstoff 


Rapskuchen 

92 kg/ha Stickstoff 
23 kg/ha Stickstoff 
Stallmist 

123 kg/ ha Stickstoff 
fty kir/ha Stickstoff 


Gesaiutertrag 
21 


Kornertrag 


10 


10 


12 

10 




— 1 

41 

13 

— 

:{l 

24 

24 

22 

4 

— 3 

15 

9 

10 
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Ursache gewesen sein. Aber wir kSnnen bis heute nicht sagen, warum 
eine SSLurezunahme stattfand und ob eine Unwirksamkeit des Stickstoffs 
in der organischen Substanz dann einsetzt, wenn die Diingergaben bis 
unter eine bestimmte Grenze vermindert werdeu. 

Die erzielten Ertragssteigernngen, berechnet Je Kilogramm des mit 
dem Diingemittel gegebenen Stickstoffs, zeigt Tabelle 14. 

7 . Die den Pflanzen aus dem Boden und aus den Diingemitteln 
zugefiihrte Stickstoffmenge. 

Die Stickstoffanfnahme der Pflaiize ist im Laufe der Arbeit nicht 
untersucht worden, aber es ist sehr giinstig, dafi Proben von Gersten- 
kdrnern der wichtigeren Parzellen seit 1882 aufgehoben worden sind; 
in einigen Fallen sind sogar seit diesem Zeitpunkt fast vollstandige 
Serien vorhanden. Diese sind aiif Stickstoifgehalt untersucht worden 
(Tabelle 44). Strohproben warden nicht aufgehoben und Stickstott- 
bestimmuugen sind im Laufe des Versuchs nicht gemacht worden; man 
wei 6 , dafi der Hauptteil des Stickstoffs vom Stroll nach dem Korn wandert. 
Eine Anzahl der in Kothamsted durchgefiihrten Analyson hat d(Mi Beweis 
erbraclit, dafi sich annahernd 70^0 des Gesamtstickstoffs gewohnlich im 
Korn und 30 im Stroh befindet. Wenn wir diese Zahl annelimen und 
addieren den fiir Stroh errechneten ^^’ert und den des Korns, so erhalten 
wir mit den Ergebnissen von Tabelle 15 die von den PHanzen in den 
verschiedenen Jahren aufgenommene Stickstotfinenge. Die Art der Er- 
mittlung dieser Werte schlieBt iiaturgemaB jede Moglichkeit aus, die Stick- 
stolfaufnahme in den einzelnen Jahren genau zu erfassen. Wir kbnnen 
daher auch nicht sagen, wie sie durch die Witterungsverhiiltnisse beein- 
fluBt wird. Der Fehler wird allerdings geringer, wenn man einen Zeit- 
raum von fiinf oder mehr Jahren iiberblickt und nur die [Jnterschiede 
zwischen verschiedenen Parzellen beriicksichtigt. 

Parzellen ohne zusatzliche Stickstoffgaben. 

In der Annahme, dafi das Korn 70®/o der gesamten aufgenommenen 
Stickstoffmenge entbalt, haben die auf den ungediingten und den nor mit 
Kali und Phosphat gediingten Parzellen gewachsenen Pffanzen jedes Jahr 
aus dem Boden die unten angegebenen, auf Kilogramm je Hektar berech- 
neten Stickstoffmengen aufgenommen. 


Die Stickstoffmenge in Kilogramm je Hektar und Jalir, 
in der Gerstenernto (Korn und Stroh) dem Roden ontzogen.* 

(45 Jahre, von 1882 bis 1928.) 
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Die Stickstoffaafnahme fiel von einer Periode zur nachsten ab. Eine 
Ansnahme bildeten die Jahre 1907 bis 1911; fiir diesen Zeitraum war 
in den meisten Jahren Goldthorpe angebaut worden, die die Ertrage 
auBerordentlich driickte. Das AbfalJen geschieht nicht gleichmafiig; zwischen 
einigen Zeitraumen zeigt sich eine starkere Abnahme als zwischen anderen. 
Am auffallendsten ist vielleicht die grofie Stickstoffmenge aus der un- 
gedungten Parzelle. 

Nehmen wir an, die Stickstoffaufnahme der ersten fiinf dalire (1877 
bis 1881) ware dieselbe wie fiir den Zeitraum von 1882 bis 1896, so 
konnte man in 50 Jahren bei den Pflanzen auf den beiden nachstehend 
angegebenen Parzcllen folgende Stickstoffaufnahme feststellen: 



Kilogramm 
je llektar 

Ungediingte Parzelle 

1080 

Nur init Mineralsalzen gediingte Parzelle . . 

12:10 

Tab ell e 15. 



Die von 1HH3 bis 11)28 in Zcitrllumen von fllnf Jahren fost^esl elite, nach Kilo^ramni 
je Hektar bereclinefe, dnrchschniltliche SHckstoflauriiahine der (lorsle, 
Vorausgffletzt, dafi sieh 70®/o des Stickstoffs im Korn and ,S07o ini Stroll bellnden. 
ergeboii sich fiir den gesamten Stickstoffgehalt in Korn nnd Siroh folgende Werle* 


Pttngmig und I’arzelle 

1HS2 
bis : 
1H88 j 

1887 , 
bis , 
1891 : 

1892 

bis 

1898 

Zeitraum 

'1 ! 

1807 ■ 1902 1907 1912 

Ins Ins . bis * bis 1 

1901 1908 : 1911 1918 ! 

1917 : 
bis ' 
1921 i 

1 

1922 

bis 

1 928 

Gesamter- 
gebnis in 
50 Jahren 
1877 bis 
1926^) 

Ungedtingt, 

Parzelle 1 nnd 7 . . . 

32,8 1 

1 

29,3 ' 

25,4 

19,5 

20,1 ' 12,8 18.1 

11,9 

8,8 

1063,0 

Nur Mineralsalze, 

Parzelle 4 a 

29.1 1 

32,5 

32,8 1 

21.7 

2 : 1,3 11,1 21,0 

19,0 [ 

i:i.3 

1209,5 

Nur Natronsalpeter. 

Parzelle ;Ja 

1 

58.2 

57.8 

47,4 

: 40,2 . .30,1 2.3,5 ! 

1 

21,7 1 

19,8 

2116,5 

Mineralsalze— -Natron- 
salpeter, Parzelle 8 . . 

74,8 1 

87,1 

1 

7.3,0 ! 

81,3 

; .52,4 . 29.4 i :12.8 * 

27,9 ! 

23,1 

2583,5 

Nur schwefelsaures Amnio- 
niak, Parzelle 2a. . . 

1 

57,8 1 

84,9 

52,8 1 

14,2 

j 1,8 — - 

i 

1 

- 

- 

Mineralsalze — schwef elsau- 
res Aramoniak, Parzelle 5a 

80,8 

83,8 

j 

88,8 

19,4 

! 8,8 ^ — - 

- I 

- 

- 

Stallmist, 

Parzelle 11b .... 

78,8 

54,5 

71,8 

57,5 

! 58,8 ! 49,0 1 44,4 

47,7 

31,4 

2860,5 

Parzelle 9 mit Stickstoff . 

99,8 

88,0 

94,8 

84,4 

i 80,4 ' 4.3.8 1 .37,1 

.35,4 

:io,3 

3462,0 

Parzelle 9 ohne Stickstoff. 

54,1 

16,2 

51,9 

38,9 

! j 24,1' ; 25,4 

j 1 

. 22,4 

j 1«,3 

1833,5 

StaUmist 1877 bis 1887, 
Rapskuchen 1889 bis 1928, 
Parzelle 10 b .... 

40,7 

58,8 

88,9 

57,5 

1 82,3 ' 28,8 ' 28,8 

18,9 

1 

i 9,1 

2082,5 


*) Angenoiumen, die Werte fiir 1877 bis 1881 sind die gleichen wie fiir 1888 bis 188fi. 
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Die Mineralsalze regten wahrscheinlich das Wachstnm der WurzeJn 
an and veranlafiten dadnrch die Pdanzen zn einer st£lrkeren Stickstof- 
anfnahme ans dem Boden. 

Der Stickstoffgehalt der Pflanze stellt aber nicht nur die aus dem 
Boden aufgenommene Stickstoffmenge dar; eine Stickstoffmenge von etwa 
5,6 kg jahrlich, also 280 kg zusammen, ist in dem Saraen enthalten bzw. 
wird mit dem Eegenwasser zugefuhrt, so dafi die Stickstoffzufnhr vom 
Boden aus 

Kilogramm 
je Hektar 


Auf der ungediingten Parzelle I • 784 

Auf der nur mit Mineralsalzen gedtingten Parzelle j 862 

betragt. 

Ziehen wir diese 5,6 kg je Hektar ab, so betrug zu Versuchsbeginn 
die Stickstoffabgabe des Bodens an die Pflanze 22 bzw. 28 kg je Hektar, 
beim Versuchsabschlufl dagegen nur 2 kg je Hektar auf der gedungten 
und 8 kg je Hektar auf der nur mit Mineralsalzen gedungten Parzelle. 


Es verblieben noch folgende Mengen im Boden: 


Prozent 

Kilogramm 
je Hektar 

Ungediingte Parzelle 

Nur mit Mineralsalzen srediinffte Parzelle 

0,094 

0.089 

:i,160 

2.990 


eine Menge, die bei dieser Hohe der Stickstoffabgabe fiir mehrere hundert 
Jahre geniigen wiirde. In Wirklichkeit ist der Verlust grofier als dieser, 
der ohne Beriicksiclitigung der Drainage festgestellt wurde. Trotzdera 
bleibt eiu grofier StickstofiVorrat iibrig, ganz abgesehen davon, dafi auch 
noch die Moglichkeit besteht, dafi der Stickstoff’ der Luft bakteriell ge- 


T a be lie 16. 

Stickstoifgebalt der Bdden bei (lerstenparzelJen 1 und 4 zn yerBcbiedenen Zeiten. 




Pngednngt. Parzelle 1 *) 

Nur Mineralsalze. Parzelle 4 

.Jahr 


1 

1 

Tatsach- 

Jahrliche 



Tatsacb- 

Jdhrliche 


1 

kff/lia 1 

licher 

Stickstoff- 

7o 

kg/ha 

licher 

Stickstoff- 


<0 

Verlust 

Abnahme 

Verlust 

Abnahme 



1 

i 

kg/ha 

kg/ha 



kg/ha 

kg/ha 

1876 

0,155 

52,1 j| 

3,7 

0,31 

0,165 

52,1 

IM 

0,9 

1888 

0,144 

JH,-l : 

! 

3,0 

0,30 

0,122 

41,0 

3,7 

0,4 

1898 

0,135 

j 

45,4 i[ 

i 

1 

1 

13,8 

! 0,47 

0,111 

87,3 

. 7,4 

0,3 

1927 

0,094 

:iJ.6 



0,089 

29,9 

1,0 

0,2 

1982 

0,095 1 

31,9 If 



0,086 

28,9 



1898 waren Probeii von Parzelle 7 nicht vorhanden, deshalb ist hier nur Par* 
zelle 1 beriicksichtigt. 
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bnnden wird. In Tabelle 16 sind fiir die einzelnen Zeiten der verschiedene 
Stickstoffgehalt des Bodens und die Hdhe des Stickstoffverlnstes gegeben. 

Da sich bei der Probeentnahme Schwierigkeiten ergaben, kann man 
den fiir den Sticksloffverlust errechneten Zahlen keinen allzu groBen 
Wert beilegen. Wenn die Angaben znverlassig waren, kdnnte man aus 
ihnen Folgendes ersehen: Innerhalb der ersten 22 Jahre haben die Pflanzen 
anf der aiigediingten Parzelle 1 80 des Stickstoffverlnstes wieder er- 
setzt, wahrend die Pflanzen auf der mit Mineralsalzen gedungteu Parzelle 
in den zehn Jahren von 1888 bis 1898 70 Vo ii^^d in dem darauffolgenden 
Zeitranm von 29 Jahren 50 Vo des Stickstoffverlnstes wieder anfgenommen 
haben. Bei jeder Parzelle gibt es aber Perioden mit viel grofieren Stick- 


Tabelle 17. 

riOjUhrige Beobaclitnngon (1877 bis 192<>) 
fiber die VerfinderaDgen ini StickstoITgehalt des Bodens 
and fiber die Stickstoffmenge, die dnrch die Sorto anfgonominen ist. 


Stickstoffgehalt des Bodens in Prozenten, 187H 
Stickstoffgehalt des Bodens in Prozenten, 1927 
Stickstoffverlust in Prozenten 


Stickstoffabgabe in Doppel/entner je Hektar . 
In den Pflanzen festgestellter Stickstoff*) . . 

Tatsachlicher Verlust 

Von den Pflanzen antgenoininener Stickstoff in 

Prozenten 

Verlust in Prozenten 


Stickstoffgelialt des Bodens in Prozenten, 1870 
Stickstoffgehalt des Bodens in Prozenten, 1927 
Stickstoffabgabe in Prozenten 


Stickstoffabgabe in Poppelzentner je Hektar . 
Mit dem Dttngemittel zugefiihrter Stickstoff . 

Summe 


In den Pflanzen festgestellter Stickstoff. . . 
Verlorener oder im Boden verbliebener Stickstoff*) 
Die gesarate in den Pflanzen festgestellte Stick- 

stoffmenge in Prozenten 

Verbleil) ira Boden oder Verlust in Prozenten 


Keine Stick stoff-Gaben 
Ungediingt Nur Mineralsalze 

Parzelle 1 und 7 Parzelle 4 


0,155 

0,155 

0,094 

1 0,090 

0,001 

i 0,005 

20,5 

® 21,8 

7,8 

; 9,5 

12,7 

1 2,0 

10,0 

' 44,0 

00,0 

I 50,0 


Stickstoff-Gaben 


Kiinstliche 

Diingemittel 


V . Nstron- 

salpeter alle.n. iji^eralaalae j 

Stallniist- 

(luiiiriing- 

Parzelle 0 

1 Parzelle 0 

Parzelle 1 1 b 

0 1.55 

i ! 

; 0,1 55 

0,155 

0,105 

0,109 

0,151 

0,0.50 

0,(U(> 

0,004 

10,8 

20,0 

1 15,5 

1.0 

1 18.1 i 

50,8 

09.8 

1 00.9 I 

55.1 

17,9 

20,0 

25,8 

21,9 

10,9 

29,0 

45,0 

♦> 0,0 

47,0 

55,0 

04,0 

50,0 


0 Nach Ab/Aig von 0,04 dz im Jahr ftlr Saatgut und Niedersc.hliige. 
») TatsitcbUcher Verlust. 
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stoftverlusten und geringeren Stickstoffaufnahmen. Auf die ganze Ver- 
suchszeit berechnet, haben die Pflanzen 

auf der ungediingten Parzelle . . 40% Stickstoffverlustes 
und auf der nur mit Mineralsalzen 

gediingten Parzelle 44% des Stickstoflfverlustes 

durcb Stickstoffaufnahme aus dem Boden wieder ersetzt. 

Hinsichtlich der verschiedenen Diingungsarten gibt Tabelle 1 7 walir- 
scheinlich die genauesten Schatzungen der Stickstoffaufnahme. Sie zeigen, 
dafi auf den mit Stallmist, nur mit Natronsalpeter, nur mit Mineralsalzen 
gediingten sowie auch auf den ungediingten Parzellen ungefahr die Hillfte 
der Stickstoffmengen, die vom Boden abgegebeii und im verabreichten 
Diingemittel zugefiihrt werden, wieder in der Ernte in Erscheinung tritt. 
Durch Volldiingungen wird die Stickstoffaufnahme auf ungefahr % des 
Stickstoffverlustes erhdht. 

Fiir diese Tabelle wird nur vorausgesetzt, dafi die Proben den Stick- 
stoffgehalt der vorliegenden Parzelle darstellen und dafi sicli bei den 
Pflanzen 70% des Stickstoffs im Korn beiindet. Die Wiedergewinnung 
des Stickstoffs ergibt sich aus der Verbindiing Boden -f Diingung und 
nicht nur aus den verabreichten Diingemittcln. Fiir diese allein kann 
man den Stickstoffgewinn nur dann berechnenj wenn man weiterhin an- 
nimmt, dafi die Stickstoffbeziehungen zwischen Pflanzen und Boden sich 
nicht durcli Vorhandensein von Diingemitteln verandern, so dafi sich die 
Wirkung der Diingemittel feststellen lafit (lurch Abzug der fiir die Par- 
zellen ohne Stickstoff ermittelten Anteile aus dem Boden. Diese Fest- 
stellungen sind in Tabelle 18 durchgefiihrt worden. 


Tabelle 18. 

Die Stickstoffbilaiiz unter der YorausHelziin^, 
dafi keine Hodenzor.setznDgon statlflndeD. 



Stallmist* 

Kilogramm 
je Hektar 
und Jahr 

ilUngung 

Prozent 

Nur kiinatliche Diingung 
Natronsalpeter 

Mineralsalze 

Kilogramm 

je Hektar | Prozent 
und Jahr 

i 

Die mit dein Diingemittel gegebene 
gesamte Stickstoffmenge , . 

108 

100 

37 i 

i 

! 100 

Im Boden wiedergefundene Stick- 
stoffmenge 

41 


13 1 

1 

30 

Von den Pflanzen aufgenommene 
Stickstoffmenge 

82 

1 300 

20 

70‘) 

Verlorene Stickstoffmenge . . . 

84 

31 

— 1* 

__ fi 


Bei der Diingung mit Natronsalpeter zeigen die beiden fiir die 
Stickstofl’aufnahme der Pflanzen erhaltenen Ergebnisse von 66 und 70% 

1) Nach Berticksichtigung des mit dem Regen und mit dem Saatgut ziigefiibrten 
Stickstoffs. 
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keinen grofien Unterschied und die grundlegende Annahme mag hier 
richtig sein. Sie stimmt hingegen kaum bei der StallmistdunguTig, denn 
hier ist der Unterschied groBer, weil die Werte fiir die Stickstoftaufnahme 
80 bzw. 47 betragen. 

Die entsprechende Berechnnng ergi])t fiir die ParzelJen in Kotham- 
sted (b) aus Stallmistdiingung folgenden Frozen tsatz StickstofF: 


— 

• 



Von 

Im Boden 


den Pflanzen 

zuriick- 


aufgenominen 

geblieben 

a) Gerste (Wohiiru) 

h) Gerste Parzelle 7 bis 2) . . . ... 

30 

39 

31 

b) Weizen (Hroadbalk, Parzelle 2) 

a) Weizen fW<»bnrni ... ... . . 


29 

23 


Fiir Askov (Danemark) sind die ent^precheuden Zalilen 30 und 28 
auf Lehm- bzw. Sandboden, Diose Tatsarhe sebeint auf eine allgemein 
giiltige Zabl hinzudeuten, die ungefnhr betriigt. Ohne wesentliche 

Beeintriiclitigung des Krgebnisses kann man diese Zalilen ungefahr ab- 
runden und die Sticksloffbilanz naeh folgenden Richtlinien aufstellen: 





Auf Boden mit 
'Stallmistdiingung 

In den Pflanzen . . . 

ungefahr 40 

nngefiibr - 

ungefahr ^ « his Vs 

111! Boden 

- 


ungefahr 

V’^erlust .... 

ungefahr 

-- 

ungefahr ’ \ bis Va 


Da die jahrliclie Zufiihrung von Stallmistgaben andauert, wird die 
iStickstoffmenge, die im Boden bleibt, von dalir zu Jalir geringer, so dafi 
der Verlust groBer wird. 

8. Die Nachwirkung stickstoffhaltiger Diingemittel. 

a ) 8 c h w e f e 1 s a u r e s A ni ni o n i a k und N a t r o n s a 1 p e t e r. 

1882 warden die Parzellen, die doppelte Menge Natronsalpeter bzw. 
schwefelsaures Aminoniak erlialten hatten, in zwei gleiclie Haltten geteilt. 
Von dieser Zeit an wurde die stickstotfhaltige Diingung nur der Halfte 
derParzelle gegeben; die andere Halfte erhielt zwar ilire iibliclie Mineral- 
salzdungung, blieb aber ohne Stickstoffdiingung. Die stickstotfhaltige Dungung 
gelangte bei jeder Parzclle abwechselnd zur Anwendung. Auf diese Weise 
stand jedes dahr eine Parzelle zur Verfuguiig, die in demselben, eine 
andere, die im vorhergehenden Jahr die stickstotfhaltige Dungung be- 
kommen hatte. 

In dem Parallel -Versuch in Rothamsted sinkt auf der zuletzt ge- 
nannten Parzelle die Ernte immer bis zu den Ertriigen einer niemals mit 
stickstoffhaltigen Diingemitteln behandelten Parzelle. 

A. D. Hall: „Dungeinittel und Duiigungen“, 1909, S. ‘Jll. 
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Diese ahnlichen Versuche in Rothamsted warden gewdhnlich als Beweis 
fur die Tatsache angefuhrt, dafi schwefelsaures Ammoniak keine Nach- 
wirkung zeigt. Was in der Ernte an Stickstoff nicht wieder zum Vorschein 
kam, wurde als verloren angesehen. In Woburn gelangte man zu ab~ 
weichenden Ergebnissen, und von Anfang an hatte man den Eindrnck^ 
daB sowobl von schwefelsaurem Ammoniak als auch von Natron salpe ter 
ein Rest im Boden verblieb, der der daranffolgenden Ernte zugute kam. 
DasWeglassen derstickstoiFhaltigenDungemittel, abwechselnd, auf der einen 
und dann auf der anderen Halfte der Parzelle 8 und 9, hatte nicht wie 
in Rothamsted ein Sinken der Ernte bis zu den Ertriigen der standig ohne 
Stickstoffgabe behandelten Parzelle zur Folge. Die in Woburn festgestellten 
Ergebnisse zeigt Tabelle 19. Wahrend der gesamten ^'ersuch8dauer betrug 
bei Gerste die durchschnittliche Nachwirkung nach Korngewicht in Kilo- 
gramm je Hektar: 



1882 bis \ \m 

1007 bis 1021) 

Natronsalpeter 

507 

213 

Schwefelsaures Ammoniak . . 

7()« >) 

— 


Eine Erklarung fur diese Ergebnisse lafit sich scJiwer linden. Die 
auf demselben Feld durchgefiihrten Versuche mit Grundungung zeigen 
scheinbar deutlich, dafi Salpeterstickstoff wahrend des Winters nicht im 
Boden bleibt und doch scheint das Vorhandensein dieser Nachwirkungen 
unurastdfilich sicher zu sein. Ein Zweifel ergab sich allerdings aus der 
Tatsache, dafi Natronsalpeter bei Weizen keine klare Nachwirkung zeigte, 
wo man es eigentlich genau so erwartet hatte. Auf Gerstenparzellen liefi 
sich bestimmt eine liinger dauernde Wirksamkeit des Natronsalpeters be- 
obachten. In den Jahren 1928 bis 1933, in welcheu die Diingung unter- 
brochen wurde, zeigten sich namlich die fruher init Natronsaljieter ge- 
dungten Parzellen trotz einer zweijahrigen Brache (1927 and 1928) deut- 
lich denjenigen iiberlegen, die diese Diingung nicht erhaJten hatten. 
Schwefelsaures Ammoniak zeigte anscheinend sowohl bei l\’eizen- als 
auch bei Gerstenparzellen Nachwirkungen; die Ergebnisse dlirfen hier 
aber nicht als sicher bewertet werden, denn es ist mbglich, dafi der Boden 
ungleich war. Merkwurdigerweise stehen die Ergebnisse von Rothamsted 
aus denen man schliefien konnte, dafi Reststickstoft nicht vorhanden sei, 
demgegeniiber (8. 216), so dafi die Frage, ob Natronsalpeter oder schwefel- 
saures Ammoniak als brandhbare Restbestande im Boden verbleibeu, selbst 
heute noch nicht als gelds t zu betrachten ist. Die neuen Method en der 
Feldversuche haben den grofien Vorzug, dafi sie eindeutige Ergebnisse 
erzielen und dadurch die dabei angeschnittenen Probleme befriedigend 
geldst werden kdnnen. 


0 1882 bis imn. 
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T a b e 1 1 e 19. 

XachwirliUDgen von Natronsal peter and achwefelsaurem Ammoniak bei Gerste. 



Par- 

zelle 

1882 

1888 

1884 

1885 

1886 

Krtrftge in den Jahren init einer StickRtoff- 

diingung von 92 kg je Hektar 

ErtrSge in den Jahren ohne Stickstoff . . . 

9 

88,6 
22 8 

1 1 

85,0 

21,8 

1 

1 

33.8 

28.8 

89,1 

20,8 

31.4 

16.5 

Ertriige der staudig ohne Stickstoff gebliehe- 

nen Parzelle 

Wahrscheinliche Nachwirkune: 

1 

18,0 

8.8 

1 1 6,5 i 
5.8 

19,2 

1.1 

11,7 

8.6 

10,9 

5.6 


Kornertrag in Doppelzeiitner je Hektar 
Natronsalpeter 



Par- 

zelle 

18K2 

bis 

1886 

1887 

bis 

1891 

1892 

bis 

1896 

1897 
! bis 

1 1901 

1 

1902 

bis 

1906 

ErtrAge in den Jahren niit einer Stickstoff- 

dttngung von 92 kg je Hektar 

Ertrage in den Jahren ohne Stickstoff . . . 

9 

j 

35,5 

20,8 

28,0 

17.9 

1 

1 

28,8 
17,0 : 

25,2 

14,9 

27,5 

14,0 

Ertr&ge der standig ohne Stickstoff gehliehenen 

Parzelle 

Wahrscheinliche Nachwirkune' 

1 

IM 

6.4 

18,4 1 
4.5 1 

11,7 1 
5.8 : 

9,9 

5.0 

10,0 

4.0 


Zweite Periode* llalbe Diingnngr. 



Kornertrag in Doppelzentner je Hektar 
Natronsalpeter 


Par- 

zelle 

1907 1 1912 1917 

bis bis 1 bis 

1911 1916 1 1921 1 

! 1 i 

1922 

bis 

I 1926 

Ertrage in den Jahren init einer Stickstoff- 

diingung von 46 kg je Hektar 

Ertrftge in den Jahren ohne Stickstoff . . . 

9 

i ! 

I(>,7 1 13,7 , l-.',8 
8,7 10, a ' H,t) 

10,4 

6,9 

Ertrage der standig ohne Stickstoff gehliehenen 

Parzelle 

Wahrscheinliche Nachwirkune 

4 

- 1 

5,6 9,6 7,8 

4,1 0,6 1,8 

4.4 

2.5 



Kornertrag in Doppelzentner je Hektar 
Scliwefelsaures Ainiuoiiiak 


Par- 

zelle 

1 

1882 i 
.bis 

1886 

1887 

bis 

1891 

1892 

bis 

1896 

Ertrkge in den Jahren mit einer Stickstoff- 

ditngung von 92 kg je Hektar 

Ertrftge in den Jahren ohne Stickstoff . . . 

8 

80.2 i 

27,9 

18,4 


22,4 

19,6 

18,6 

Ertrftge der stkndig ohne Stickstoff gehliehenen 
Parzelle 

4 

14,4 

18,4 

11,7 

WfthrschMnliche Nachwirkune 


8,0 

6.2 

1,9 
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bj Stallmist-Dungung. 

Einige Ergebnisse in Woburn stehen in Beziehung zu den Nach- 
wirkungen des Stallmistes. Die erste Reihe Angaben dariiber findet man 
vom Jahre 1882 an, als die Parzellen 10 und 11, die fiinf Jahre lang 
62 bzw. 124 kg Stallmist erhielten, halbiert wurden. Wahrend der nachsten 


Tabelle 20. 


i 

Parzelle 10 a 

Parzelle 1 1 a 


kg/ha 

kg/ha 

Die gesamte, mit der Stallmistdungung ziigefiihrte Stick- 
stoffinenge. 

In fiinf Jahren (1877 bis 1881) 

:m 

818 

Der von den Pflanzen aufgenommene Stickstoff, UberscbuB 
gegeniiber den ungediingten Parzellen. 

Direkte Wirkung in fiinf Jahren (1877 bis 1881). . . 
Nachwirkungen _in 25 Jahren (1882 bis 1008) .... 

Unbereidineter UberschuB in Kilogramm 

Unberechneter UberschuB in Prozent 

Aufnahine in Prozent 

28 1 - 
224 250 

- 58 

— 10 
— 1 81 

00 — 

470 580 

— 58 

- 0 

— 01 


25 Jahre blieb die eine Halfte iingedungt, dagegen erhielt die andere 
Halfte dieselbe Dungung wie friiher, und zwar Parzelle 10 b nur sechs 
Jahre lang, Parzelle 11b hingegen bis 1906. 

Die Ergebnisse sind in Tabelle 20 zusammengestellt. Parzelle 10a 
hatte in den vorhergehenden fiinf Jahren im ganzen ungefahr 500 dz 
Stallmist bekommen, der annahernd 800 kg Stickstoff entliielt, dagegen 
war die Parzelle 11 a mit der doppelten Menge gediingt worden. Wahrend 
der ersten fiinf Jahre nach dem Fortfallen der Stallmistdiingung konnte 
man auf alien Parzellen — einschliefilich der ungediingten — ein deut- 
liches Steigen der Ertrage feststellen, das wahrscheinlich den giinstigen 
Witteruiigsverhaltnissen zuzuschreiben ist. In den folgenden, iiber fiinf 
Jahre sich erstreckendcn Zeitraumen sanken die Ertrage der Parzellen 
11 a und 10a fortwahrend, aber 25 Jahre hindurch fielen sie in Jem ent- 

Tabelle2J. 


Diirchschnittlicher Gesaintertra^ bei Gorsto in Doppelzentnern jc lloktar. 



1877 

1882 

1887 

1802 

1807 

1002 

1007 

1012 

1917 

1922 

Parzelle 

bis 

bis i 

bis 

bis 

bis 

bis 

bis 

bis 

bis 

bis 


1881 

1886 

1801 

1806 

1901 

1006 j 

1011 

1016 j 

1921 

1926 

1 und 7 

31,4 

34,4 

1 

24,3 

20,3 

16 8 

16,9 

12,6 

16,3 

13,9 

lU 

4 

28,0 

32,0 

27,4 

24,7 

21,1 

20,5 

16,4 

23,0 

17,9 

11,9 

2 

48,2 

55,9 

43,0 

26,2 

10,7 

2,8 

0,3 

2,0 

2,9 

2,2 

3 

48,0 

62,0 

43,4 

37,0 

32,4 

31,3 

27,8 

23,6 

18,6 

17,8 

5 

55,0 

62,2 

60,7 

38,6 

14,0 

8,1 

4,4 

8,0 

7,6 

9,2 

6 

67,3 

72,9 

58,6 

51,5 

48,4 

47,4 

28,6 

31,6 

24,3 

22,4 

8 a 

68,8 

78,4 

64,8 

42,3 

25,4 

15,9 

3,2 

2,6 

3,9 

1,4 

8 b 


48,8 

41,3 

30.4 

21,8 

13,0 

3,1 

2,6 

2,3 

1,2 

0 a 

68,8 

00,3 

60,7 

67,9 

56,3 

65,1 

42,1 

38,2 

29,2 

28,3 

0 b 


48,8 

37,2 

38,0 

31,0 

80,2 

21,1 

26,8 

19,8 

19,5 

10 a 


42,7 

32,6 

26,7 

20,7 

23,1 

25.3 

31,3 

26,2 

17,4 

10 b 

36,8 

43,8 

40,1 

44,0 

42,9 

48,9 

24,9 

26,0 

17,0 

11,6 

11 a 


49,0 

41,0 

36,7 

28,0 

30,0 

35,7 

,36,6 

80,6 

20,4 

11 b 

46,7 

68,0 

46,4 

54,0 

48,7 

51,2 

44,0 

44,9 

40,3 

85,2 
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T a b e 1 1 e 21a. 

Burchscbnlttlichor Kornertrag bei Gerste in Doppelxentner je Hektar. 


S3 

V 

g 


Dtingung 

1877 Ms 1881 

1882 bis 1886 

1887 bis 1891 j 

X 

w 

01 

Oi 

ao 

iH 

1897 bis 1901 

Vi 

'Jo 

01 

o 

a 

1907 bis 1911 

1912 bis 1916 ' 

1917 bis 1921 

1922 bis 1926 1 

a) Vollstiindig durchgefiihrte 
Ungediingt . 

Versuchsr 
13,7! 15,2 

eihen je 1- 
11,2; 8,9 

lekta 

7,3 

r. 

7,9 

4,8 

6,3 

5,6 

3,4 

Mineralsaize alleiii 

12,6 

14,4 


11,7 

9,9 

10,0 

5,6 

9,6 

7,3 

4,4 

Schwefelsaures Ammoniak (bis 1906 46kgN, 
von da an 23 kg N) . 

21 2 

24.8 

26.9 

20,4 12,0 

4,4 

0,4 

0,0 

1,2 

0,8 

1,1 

Natronsalpeter (46 kg N) 

20,0 

18,9. 16,5 

14,5 

11,1 

10,6 

8,0 

7,4 

6,0 

Natronsalpeter (23 kg N) 

— 

— 

- 

— - 

— 

— 

8,7 

8,1 

0,3 

4,7 

Mineralsaize wie Parzelle 4 a und schwefel- 
saures Ammoniak wie Parzelle 2a. . 

23,3 

to 

24,1:17,8 

6,2 

2,6 

1,7 

2,0 

2,7 

3,3 

Mineralsaize wie Parzelle 4 a und Natron- 
salpeter (46 kg N bis 1906, von da an 
23 kg N) . . ' 

23,8 

30,8 

26, o| 22,4 

‘^2 1 

20,6 

6,2 

11,7 

12,2 

10,6 

8,7 

Mineralsaize wie Parzelle 4 a und schwefel- 
saures Ammoniak (92 kg N bis 1906, von da 
an 46 kg N), ein Jahr um das andere 
abwechselnd der Hiilfte 8 a und der 
Halfte 8 b gegeben. 

Schwefelsaures Ammoniak zugeftthrt . 

27,6 

33.3 

27,9 

18,4 

12,1 

3,4 

1,0 

1,6 

0,6 

Schwefelsaures Ammoniak ausgelas.*5cn . 


22,4 

19,6 

13,6 

10,0 

6,1 

1,3 

0,7 

0,7 

0,4 

Mineralsaize wie Parzelle 4 a und Natronsal- 
peter (92 kg N bis 1 906, von da an 46 kg N), 
ein Jahr um das andere abwechselnd der 
Hiilfte 9 a und der Halfte 9 b gegeben. 
Natronsalpeter zugefuhrt 

27,0 

35.5 

28.0 

23.8 


1 

27 2' 

16.7 

13,7 

12,8 

10,4 

Natronsalpeter ausgelassen 

— 

20,8; 17,9 

17,0, 14.9 

14,0 

9,7 

10,2 

8,6 

6,9 

1882 bis 1906 ungediingt (mit Ausnahme von 
Kapskuchen wie Parzelle 10b, 1889); 1907 
bis 1926 1,5 dz Siiperphosphat und Natron- 
salpeter (23 kg N) 

1 

_ 1 

18,3 

15,7 

12,2 

9,6 

ll.O 

9,6 

]2,5| 

11,0 

6,0 

1877 his 1887 Stallmist (62 kg IHHK unge- 

diingt, 1889 Ids 1906 Rai>skurhen (46 kg N 
im Jahre 1889, 92 kg N spateri, 1907 bis 
1926 Rapsk lichen (23 kg N) 

! 

i 

1 

In.Hi 19,4 

25,0 

2u,3 

19,0 

22,2 

10,7 

1 

10,5 

6,7 

3,5 

1 882 bis 1 906 ungcdimgt. 1907 bis 1 926 schwe- 
felsanres Kali, Natronsalpeter (23 kg N) . 

_ 

22,5 

19,5 

16,4 

12,8 

1 4,2 

11,1 

13,8 

13,2 

7,6 

8tallmi.stduiiguiig(entRprechend 174 kgN bi.s 
1906, von da an 91 kg N) 

21,1 

26,6 

21,5 

24,5 

21,7 

1 

23, 6| 

19,4 

18,0 17,0 

13,8 


1 u. 7 
4a 
2a 

3 a 
3b 
5a 


8a u. 
8b 


Oau. 

11b 


lOa 

101) 

Ua 

lib 


4b 

2b 

2aa 

2bb 

3 aa 
3bb 
5b 

5aa 

Baa n. 
8bb 


b) Abgeanderte Versuchsreihen je Hektar. 


Wie Parzelle 4 a mit 25 dz Kalk iiii Jahre 1 015 
Wie Parzelle 2a mit 50 dz Kalk, 1897 u. 1912 
Wie Parzelle 2a mit 0 dz Kalk iin Jahre 1905, 
1909, 1910 inid 1912 und 12 dz 1923 . 

Wie Parzelle 2 a mit 50 dz Kalk im Jahre 1897 

und 1905 

Wie Parzelle 3a mit 50 dz Kalk im Jahre 1921 
Wie Parzelle 3b mit 50 dz Kalk im Jahre 1921 
Wie Parzelle 5 a mit 50 dz Kalk im Jahre 1897 

und 1912 

Wie Parzelle 5 a mit 25 dz Kalk im Jahre 1905 

und 1916 

Wie Parzelle 8a und 8b mit 50 dz Kalk im 
Jahre 1897 und 1912. 


I -- 

ill,!-' 12,1 


- 121,4 


10,8 

11,4 

4,9 

8,4 


5.4 

4.8 

2.8 

5,2 

4,7 

4.5 


20,8: 21,41 

- 1 12 , 0 | 


10 , 2 . 


14,1 


14,8 

9,1 


8,5 

10,6 


7,0 

8,4 


Schwefelsaures Ammoniak zngefiihrt . 
Schwefelsaures Ammoniak weggelassen 


26 o; 22,7 
17,6117,8 


12,0' 15,8 
7,l|n,4 


10,7 


7.6 

6.7 
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sprechenden Verhaitnis zueinander nnd zu der ungediingten Parzelle, und 
die Unterschiede in dem Ertrage stimmten mit den Unterschieden in der 
nrspriinglichen Dungung in jeder Beziehung iiberein. Leider wnrde der 
Versnch 1906 abgebrochen, Es ware sehr interessant gewesen, zu er- 
fahren, wie lange die Ertrage dieser beiden Parzellen die Ernte der un- 
gediingten Parzellen ubertroffen batten und ob sie sich — wenn dies 
der. Fall ware — einmal stabilisieren wiirden. 

Die Ergebnisse werden spater besprochen, inzwischen mufi gesagt 
werden, da 6 das gesamte Ergebnis nur dnrcli die Bodenungleichmafiig- 
keiten beeinflufit sein kann. 


Tabelle 21b. 

Onrchschnittliche Kornertrflge bei Gersto in Prozenten des Genamtertrages. 




Erste Period e 

Zweite Periode 

Dritte Periode 



1877 bis 1891 

1892 

bis 

1906 

11M)7 bis 

1926 


Parzellen 

1877 

1882 

1887 

1892 

1897 

' 1902 

t 

1 907 

1912 1 

1917 

1922 



bis 

bis 

bis 

bis 

bis 

' bis 

bis 

bis i 

bis 

bis 



1881 

1886 

1891 

1896 

190] 

! 1906 

1911 ; 

1916 I 1921 

1926 

1 . . 


44 

45 

45 

42 

44 

46 

88 1 

89 : 

89 

32 

7 . . 


48 

44 

47 

45 

48 

48 

88 

39 ; 

43 

30 

4 . . 


48 

45 

49 

47 

46 

49 

87 

42 : 

40 

37 

2‘). . 


48 

44 

47 

45 

42 

14 

02) 

41 

40 

48 

:i a . 


41 

44 

44 

44 

45 

44 

88 

88 : 

89 

34 

5^. . 


42 

46 

47 

45 

41 

82 

41 , 

26 

89 

36 

6 . . 



41 

48 

44 

44 i 

45 

18 

40 

89 

48 

39 

8 a mit 

Stickstoff . . . 

41 

I 48 i 

48 

44 

47 

89 

42 

41 ! 

89 

i 41 

8 b ohne Stickstoff *) . . 


’ 46 

48 

44 

46 

46 

44 

80 : 

40 

87 

9 a mit 

Stickstoff D . . 

89 

40 

40 

42 

46 

42 

89 

86 ; 

43 

37 

9 b ohne Stickstoff . . . 


IH 

49 

44 , 

48 

46 

46 

40 i 

43 

36 

10 a . 



46 ' 

45 

45 ' 

46 

47 

88 

89 ; 

44 

34 

10 b . 


42 

46 

45 

45 

44 

45 

42 . 

40 ; 

39 

30 

11 a . 



46 

46 

46 ; 

45 

47 

89 

88 > 

48 

38 

11 b . 


45 1 

46 

47 

45 , 

45 

16 

45 

40 : 

48 I 

39 


9 . Korn- und Strohausbildung. 

Das Verbal tnis zwiscben Gesamtertrag und Kornertrag. 
Das durcbscbnittlicbe Verhaltnis zwiscben Kornertrag und Gesamt- 
ertrag ist innerbalb der ersten 25 Jahre und bei den meisten Parzellen 
sogar innerbalb der ersten 30 Jabre fiir jeden 5 .lahre umfassenden Zeit- 
raum (Tabellen 21, 21a, 21 b) im wesentlicben das gleicbe, unbeeinfluBt 
von der jeweiligen Dungung. Ob die Gerste auf armem, ungedtingtem 
Boden, dessen Frucbtbarkeit stetig abnahm, oder auf einem durcb StaD- 
mistdiingung oder kunstlicbe Volldiingung angereicberten Boden wucbs, 
es entfiel immer annahernd der gleicbe Anteil — etwa 45 ®/o — den 
Kornertrag. Das Verhaltnis ist etwas niedriger fiir die Pflanzen, die mit 
Natronsalpeter gedungt waren, als fiir die, die entweder keinen Stickstoft 
Oder schwefelsaures Ammoniak erhalten batten; es ist am niedrigsten bei 
Parzelle 9, die die doppelte Menge Diingemittel erhalten batte. 80 gab 

Die Jahre, in welchen Korn- und Strohmenge nicht eingetragen war, sind bei 
diesen durchschnittlichen Zusammenstellungen uuberttcksichtigt geblieben, 

Binterkorn wnrde bis 1890 zum Strob gerechnet, von da ab zum Korn. 

Von 1907 bis 1911 keine Ertrage. 
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Natronsalpeter mehr Stroh als schwefelsaures Ammoniak nnd steigerte bei 
Anwendung in groBen Mengen mehr den Strohertrag als den Kornertrag. 
Von einera Jahr zum andern veranderte sich das Verhilltnis etwas; in den 
/lahren mit gnten Ernten sank das Verhaltnis bei den mit Natronsalpeter 
nnd Stallmist behandelten Parzellen imraer, d. li. der Strohertrag nahm 
mehr zu als der Kornertrag; aber nmgekehrt warden bei den ohne Stick- 
stotf behandelten Parzellen (1,7 nnd 4j die Kornertrage mehr gesteigert 
als die Strohertrage, und fiir jeden Doppelzentner je Hektar Zunahme iin 
Gesamtertrag stieg das Verhaltnis urn ungefahr 0,6 

Nach den ersten 25 Jahren begann das Verhaltnis fiir die mit schwefel- 
sanrem Ammoniak gedungten Pflanzen zu sinken und nach den ersten 
30 Jahren fiel auch das Verhaltnis bei den anderen Parzellen, so da6 der 
durchschnittliche Anteil Kornertrag am Gesamtertrag niir nocli 39% betrug. 
Wie schon oben erwahnt, verschlechterten sicli auch die Ernten. 

Die Ursache hierfur mag zum Teil an einein Wechsel in der Ver- 
teilung der Trockensubstanz innerhalb der Pflanzen liegen, zum anderen 
Teil in der Schwierigkeit, in Jahren mit geringen Ertriigen viel Korn zu 
bilden. Die Berechnung des V’erhaltnisses hat bei kleinen Pflanzen weniger 
Zweck als bei grofien, denn in dem gleichen .MaCe, wie die Pflanzen ab- 
nelimen, wachst auch das Gnkraut und tragt so mehr und mehr zu dem 
,.Gesamt-Ertrag" bei. 

Wiilirend der Versiichszeit, die sich iiber 50 Jahre erstreckte, war 
mit den Gerstensorteii cifters gewechselt worden nnd diese Tatsache schien 
auch das Verliiiltiiis von Kornertrag zu Gesamtertrag in gewisser Hin- 
sicht zu beeinflussen. Zuerst wurde der Versnch fiir eine Zeits])anne von 
sechs Jahren mit der Gerstensorte „Che\alier‘' angcsetzt, die ein Ver- 
haltnis von 41,8 zwischen Korn- und Gesamtertrag ergab, Danach w'urde 
die Sorte „Go]den Melon‘‘ genommen: nachdem sie 14 Jahre ini Versnch 
gestanden hatte, wurde sie aus dem Handel gezogim. Wahrend dieser 
Periode andcrte sich das Verhaltnis niir w'enig und brachte trotz betriicht- 
licher Abnahme der Ernten einen Durchschnittswert von rund 45 Korn- 
anteil. Von 1904 bis 1908 wurde „Chevalier“ wieder beniitzt: diese 
Gerste senkte jetzt aber das Verhaltnis nicht auf den fruher bei .,('hevalier“ 
ermittelten Wert, sondern hatte noch ein durchschnittliches Verhaltnis 
von 45,3. Daraufhin wurde vier Jahre mit „Goldtliorpe“ gearbeitet, bei 
welcher geringere Ertrage und ein niedrigeres Verhaltnis festgestellt 
wurde. „Go]dthorpe“ wurde dann durch die Sorte ,,Chevalier‘‘ ersetzt, 
mit der die Versuche sieben Jahre lang (1918 bis 1919) durchgefiihrt 
warden. Obgleich die Ernte um die Halfte gesunken w'ar, stieg das Ver- 
haltnis von Kornertrag zu Gesamtertrag auf 41,7, den gleichen Wert wie 
in der ersten Periode. Vom Jahre 1922 an setzte ein Absinken dcr Ernten 
ein und das Verhaltnis zwischen Korn- und Gesamtertrag wurde niedriger. 
Diese Erscheinungen kann man wohl kaum der von dieser Zeit an ver- 
wendeten Gerstensorte ,, Plumage Archer" zuschreiben, sondern sie werden 
durch das iramer starker werdende Unkraut verursacht. Die VVerte sind 
in Tabelle 22 dargestellt. 

Lundw, Jb. Bd. 84. Heft 2 
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Die fur jede Gersteasorte bis genau zu dem Zeitpunkt des Sinkens 
der Ertrage festgestellte geringe Abweichung in dem Verh^ltnis zeigt, 
dafi bei der Besprechung allgem einer Yersuchsergebnisse Kornertrag nnd 
Gesamtertrag ohne irgendwelche Beeintrachtigung gleichgesetzt werden 
konnen. 


Tabelle 22. 

Gesamtertrag uud Kornertrag und das Verbaitnis 
zwisclien Kornertrag nnd Gesamtertrag untor Berticksichtignng 
der verschiedenen, ffir diesen Yersuch benntzton Gerstensorten. 


Zeitraum 

Sorte 

Mittelwert 
des Verhiill- 
nis.st‘s') 
Kornertrag 
zu 

Gesamtertrag 

Durchschnittlicher Wert 
der Ertrkge 
in Doppelzentnern 
je Hektar 

Kornertrag j Gesamtertrag 

1877 bis 1880 

Nicht eingetragen 

41,2 

18,6 

45,2 

1881 bis 1882 

('hevalier 

43.5 

25,1 

57,7 

1883 bis 1887 

Golden Melon 

45,1 

22,6 

50,1 

1890 bis 1894 

Golden Melon 

15.4 

20,8 

45,8 

1895 bis 1898 

Golden Melon 

12.1 

12.8 

30,4 

1899 bis 1900 

Golden Melon 

19,0 

16,8 

34,3 

1904 bis 1908 

Chevalier 

15,3 

13.4 

29,7 

1909 bis 1912 

Goldthorpe 

36,8 

H,7 

23,7 

1913 bis 1919 

Clievalier 

41.7 

10,3 

24,7 

1922 bis 1926 

Plnmaffe Archer 

35.5 

6.2 

17.6 


10 . Die jahrlichen Ertragsschwankungen. 

Es zeigt sick immer wieder als anfierordentlich stbrend, dafi die 
Feldversuche niemals unier genau denselben Bedingungen wiederholt 
werden konnen, und die Ergebnissc des einen dalires infolgedessen nie- 
mals mit denjenigen des anderen Jahres ubereinstimmen. Zur Vermei- 
dung dieser Schwierigkeit liatte man in Rothamsted von jeher die folgende 
Methode gewahlt: Man wiederholte den Versuch 20 Jahre hintereinander 
auf demselben Boden ; die Mittelwerte von fiinf oder zehn aufeinander- 
folgenden Jahren ergaben dann die Grundlage fiir die Priifung. Witterungs- 
einfliisse wurden insofern beriicksichtigt, dafi man die Ergebnisse eines 
ausgesprocbeii trockenen denjenigen eines besoiiders feuchten Jahres ge- 
genuberstellte und annahm, dafi die Differenz durch Unterschiede in der 
Niederschlagsmenge bedingt sei. Abgesehen von dem unverkennbaren Nach- 
teil, dafi es lange dauert, bis man in den Besitz der Ergebnisse gelangt, 
wirkt es weiterhin ungiinstig, dafi man nur aus der Beobachtung wenig 
sicheres Beweismaterial erhalten kann. 

Die Ursaclien fiir den verschiedenen Ausfall der Ertrige sind zum 
Teil wohlbekannt. Der Hauptgrund liegt in der Witterung wahrend der 

0 Nach 1891 blieb Parzelle 2 unberiicksicbtigt. 

Anmerkung: In den oben nicht angefiihrten Jahren wurden folgende Sorten an- 
gebaut: 1888 nicht bekannt. 1889 Webb's Melon. 1901 Stand well. 1902 Haliett’s Pedigree. 
1908 Standwell. 1920 Plumage. 1921 Chevalier. 
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Vegetationsperiode. Einige Sommer zeigen deutlicli einen giinstJgen Ein- 
flufi auf das Wachstum der Pflanzen, andere dagegen einen besonders 
schlechten. Es ist noch keinem gelungen, eine gute Wachstumsperiode 
durch meteorologische Angaben festzulegen. Messungen der Niederschlags- 
menge, der Temperatur, der Sonnenscheinstunden iiiid anderer meteoro- 
logischer Faktoren werden regelmafiig durchgefiihrt; aber sie kbnnen 
alle liberhaupt keine genauen Wachstumsbedingungen angeben. Es sind 
zwar einige Eichtlinien fur diese Wechselbezieliungen ausgearbeitet wordeii, 
wie z. B. die Kurven von Shaw, die den ungiinstigen EinfluB eines 
nassen Winters auf die Weizenernte in den ostlicben Landern zeigt, doch 
nutzen die meteorologischen Angaben ini allgemeinen dem Landwirt nicht 
selir viel. Die vorliegende Arbeit bringt dies deutlich ziim Ausdruck und 
zeigt das Bediirfnis nach weit eingehenderen P'orschungen auf dem Ge- 
biet der Agrar-Meteorologie. 

p]in anderer Grund fiir die Ertragsschwankungon ist die Verauderung, 
die im Boden vor sich gelit und bedingt wird durch seine Beliandlung, ein- 
schlieBlich der Wirkungen der Diingemittel, der Pflanzen, der Bearbeitung 
und der Witterung. Bei fortlaufend gleiclimaBiger Bodenbearbeitung, wie 
sie die Versuche rnit Dauer-Gersten- und -Weizenanbau darstellen, machen 
sich diese P^influsse naturgeniaB am meisten bemerkbar; sie dauern von 
Jahr zu tlahr an und unterscheiden sich dadurch von der durch die 
Witterung verursachten Beeinflussung des Wachstums, die mit der Ernte ab- 
geschlossen ist und auf das nachste Jahr nicht die geringste ausiibt. 

Eine dritte IJrsache fur die Ertragsschwankungen bilden Unkraut 
und Krankheiten ansteckender oder nichtansteckender Natur, P'aktoren, 
die von einem Jahr auf das nachste iibertragen werden und zuweilen einen 
geringen, zuweilen einen stiirkeren EinfluB zeigen. Diese Veranderungen 
sind zwar fortlaufend aber nicht bestandig zunehmend wie die oben er- 
wiihnten Anderungen des Boderis. 

In den letzten Jahren hat E. A. P'isher in Eothamsted statistische Me- 
thoden zur Unterscheidung dieser drei fur die Ertragsschwankungen ver- 
antwortlichen P'aktoren ausgearbeitet. Stellt man fiir alle 50 Jahre die 
Ertrage einer Parzelle graphisch dar, so bilden diese eine Eeihe von 
Punkten, die auf eine ziemlich groBe PJache verstreut sind; verbindet 
man die Punkte untereinander, erhiilt man eine Zickzack-linie. Man kann 
durch diese Punkte eine glatte Kurve ziehen, die die allgemeine Eichtung 
fiir die Verteilung dieser Punkte angibt. Diese Kurve lilBt sich in zwei 
Komponenten zerlegen: in eine gerade Linie, die die fortlaufende gleich- 
mS-Bige Kichtung zum Ausdruck bringt und in eine nicht geradlinige 
Komponente, die die ununterbrochenen, aber verschiedenartigen Wirkungen 
darstellt. Die Abstande der einzelnen Punkte von der Kurve gebeu die 
nur in einer einzigen Vegetationsperiode zum Ausdruck gekommenen 
Wirkungen an; iiber die vorher oder nachher beobachteten Folgen geben 
sie keinen AufschluB. 

Durch diese statistische Darlegung erhalt man nur iiber die Wirkungen, 
nicht aber iiber die Ursachen Auskunft; aber es erscheint ganz verniinftig, 

13* 
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diese Wirkungen mit den oben erw^hnien verschiedenen Ursachen in Ver- 
bindung zn bringen und anzunehmen, da6 die Linien-Komponente der 
glatten Kurve ~ die fortlaufend gleichmafiig abwS,rtsfuhrende Kichtung — 
die Bodenverschlechterung darstellt. und dafi der nicht geradlinige Teil 
der Komponente, der zum Teil aufwarts, zum Teil abwSlrts fiihrt, die 
standigen aber doch verschiedenartigen Faktoren, wie Unkraut Oder Be- 
eintrachtigung durch Krankheit, zum Ausdruck bringt; wahrend die an- 
scheinend unregelmafiig und von der Kurve vollig verstreut liegenden 
Ertragswerte den EinfluB der Witterung zeigen; jede Vegetationsperiode 
weicht von derjenigen des vorausgegangenen Jahres ab und steht in 
keinem Znsammenhang niit ihr. Diese Verbindung laBt sich natiirlich nicht 
genau durchfuhren: AuBer der Bodenverschlechterung haben auch noch 
andere Faktoren eiue „geradlinige“ Komponente und erscheinen dadurch als 
Verschlechterung, wahrend andere Faktoren, die die Bodenverschlechterung 
bedingen, keine gleichmaBigen, Ibrtdauernden Wirkungen zeigen. Der Ent* 
zug des Kalkes auf der mit schwefelsaurem Ammoniak behandelten Par- 
zelle ging wahrscheinlich ununterbrochen und gleichmaBig vor sich, aber 
seine Wirkung war nicht so; sie setzte plotzlich ein luid war dann so 
stark, dafi innerhalb weniger Jahre die Erirage soweit herabsanken, dafi 
sie kaum noch auf einen tieferen Stand kommeii konnten. Die jahrlich 
auftretenden Schwankungen sind sicherlich nicht alle unmitteJbar durch 
die Witterung veranlafit, auch andere Faktoren spielen mit, z. B. Vogel- 
und Insektenplage, vereinzelt auftretende Kraiikheiten sowie die jahrlich 
zu beobachtenden Beeintrachtigungen durch Unkraiit. 

Die drei Arten dieser Faktoren sind in Tabelle 23 nach ihrer rela- 
tiven Wichtigkeit geordnet; hier ist ein Vergleich mit llothamsted und 
den Spalten der Abbildungen 4a und 4 b, die sich wie folgt zusammenfasseii 
lassen, durchgefiihrt. 


- — - - — - - - - 




Die Abweichungeii in Prozenten^) 

Dungung 

- - ---* - 

-- 


Alle Ursachen 

Jahrefi-Ursachen 

Stallmist-Diingung 

1 g 

5—6 

Volldiingung mit Natronsalpeter 

I ^ 

Keine Stallinistdiingung 

18-20 

12 

UnvoUstilndige Dtlngungeu 

Nur Mineral salze 

18 

15 

Nnr Natronsalpeter 

17 

8 

Satire Parzellen (2a und 6a) 

Of 

o 

! 

7-10 


Die Rubriken stellen die Schwankungen in Prozenten dar; sie sind 
die Quadrate der Standard-Abweichung in Prozenten. Man berechnet die 
Schwankungen deshalb nach Prozenten, weil man diese dann sofort addieren 
kann, um die gesamte Abweichung festzustellen, die sich dagegen beim 
Arbeiten mit der Standard-Abweichung nicht so leicht berechnen lafit 

,v _ Abweichmig X AOO 

I>urchschDittlicher Ertrag* 
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Die „prozeiitische Abweichnng“ ist der beste Mafistab fur die von 
Jahr zn Jahr beobachtete Schwanknng im Ertrage^). Die geringsten Ab- 
weichungen zeigen die Parzellen mit Stallinist- und mit Volldiinguiig; die 
Veranderungen erhohen sich bei Parzellen mit unvollstandiger Diingung 
and noch mehr bei solchen Parzellen, die sauer geworden sind. Dei den 
Parzellen mit Volldiingung gehen die jalirlich festgestellten Abweichungen 
grbfitenteils auf das Konto der Gesamtandernngen, wahrend auf den Par- 



Eine Gegtinuberstellung der Ursacheii, die in Woburn wiiurend einer dOjahrigen 
Beobachtungszeit, auf deni Hoos-Feld in Rotbamsted in einer TOjalirigeu Versuchszeit 
zu einer Scliuankung der G e r s t e n ertrage fulirten. 

zellen olme Mineraldiingung (auf der ungediingten und auf der nur mit 
Natronsalpeter behandelteu) die Ilalfle und auf den sauren Parzellen 
weniger als ein Fiinftel der prozentischen Abweichungen den (icsamt- 
schwankungen zuzuschreiben sind. Da die Volldiingung cine Mafinahme ist, 
die allgeraein aucli dem praktisclien Anbau enipfohlen wird, liaben diese 
Jahreseinfliisse eine groBe praktische Bedeutung. 

II. Witterungseinfliisse und andere Jahreseinfliisse. 

Die oben gebrachten Abbildungen zeigen, daB der Prozentsatz der 
jahrlich festgestellten Einfliisse bei alien Stickstoffparzellen etwa der 

Die statistiscbe Darstellung ist besprocben you Cochran in dem Buch „50 Jabre 
Feldversuche der Versuchsstation Woburn. Von E.*John Russeljl und J. A. Voelcker. 
Mit einem statistischen Bericbt von W. Q. Cocbran.“ 
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gleiche (6 Oder 8 ®/o) ist, sich aber ungefahr verdoppelt bei den Parzellen, 
die keine Stickstoffdiingung erhalten haben. Diingungen mit Natronsalpeter, 
schwefelsanrem Ammoniak und Stallmist halten die Ertrage von Jahr zu 
Jahr auf der gleichen H5he und alle drei scheinen gleicli wirksam zu sein. 
Die Parzellen in Rotharasted brachten dasselbe Ergebnis, und die hieraus 
abgeleitete praktische Folgerung ist die, dafi eine gute Diingungsweise 
nicht nur das Wachstiim der Pflanzen fbrdert, sondern auch auf dieser 



Abb. 4 b 

Eine Gegenuberstellung der Ursachen, die in Woburn \>aljrend einer l^ojahrigen 
Beobachtungszeit (1877 bis 1006) und auf dem Broadbalk-Feld in liothamsted in einer 
Versuchszeit von 87 Jahren zu einer .Schwankuiiif der W e i z e n ertrage fUhrten. 

Hdhe erhiilt, so da6 diese Pflanzen unter der VVitteriing viel weniger leideii 
als die Pflanzen einer schleclit gediingten Parzelle. Auf der anderen Seite 
hat eine fehlerhafte Diingungsart, besonders wenn Stickstoff nicht in ge- 
niigender Menge verwendet wird, geringere and abweichendere Ertrage 
zur Folge, die von einer schlechten Vegetationsi)eriode erheblich beein- 
trachtigt werden. Die schlechtesten Ergebnisse kanii man auf saurein Roden 
beobachten, eine Tatsaclie, die sich nicht mit der durch die Vegetations- 
periode hervorgerufenen Veranderung, sondern rnit dem fortdauernden 
schadigenden Einflufl des Rodens erklaren lafit. 

Die Ursachen der Jahres-Schwankungen umfassen sowohl alle 
Witterungseinfliisse als auch zufiillige Schaden wie Vogel- und Insekten- 
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frafi, parasitare Krankheiten, Fehler beim Anbau usw. R. A. Fisher hat 
Methoden ausgearbeitet, um festzustellen, welche Wirkung jedem einzelnen, 
mefibaren Faktor zuzuschreiben ist. Diese Methoden hat man benntzt, um 
die Wirkungen der Niederschlage zii untersuchen. Die Kurven der Ab- 
bildung 5 stelleii die geradlinigen Wirkungen dar, d. h. diejenigen, die 
unmittelbar von der Menge der Niederschliige abhangenund in dem gleichen 
Verhaltnis wie die Niederschlage steigen odersinken. starker oder schwiicher 
10 
8 
6 

2 
0 
2 
❖ 

6 
8 
10 
12 
n 
16 
18 
20 

September Oktober NwemberDaemberJanuar Febfwr Marz April Mai Juni Juh August 
ParzeHe 9 • Mineralsalze i- Natronsalpeter 

Parzelle 11 b •• Stall mist 

Abb. 5. 

Ide Wirkung voii 25 mra Niederschlagen u])er deiu Ourchschnitt auf Steigernng 
oder Senkung der Koriiertriige bei Gerste, bererhnet in Goppelzentner je Hektar. 

werden. Auf dem Versuchsfeld Broadbalk in Kothamsted stellen diese 
geradlinigen W^irkungen bei W'eizen einen groBen Teil der gesamten 
Wirkung der Niederschlage dar, ein Ergebnis, das man bei Gerste iind 
Mangold nicht beobachten konnte. Audi in Woburn machten sie sowohl 
bei Weizen als auch bei Gerste nur einen kleinen Teil der gesamten 
Wirkung der Regennienge aus (Tabelle 24) iind sind nur gclegentlich 
rechnerisch gesichert. Eine Begriindung dafiir liegt nidglicherweise darin, 
dafi die Methode dann unbraiichbar ist, weiin sich die wirkliche Nieder- 
schlagsmenge in irgendeinem der angegebenen Zeitraume an oder in der 
Nfthe eines Optimums betindet. Die Kurve zeigt, dad fiir die gradlinigcn 
Wirkungen weitere Niederschlage jeder Art, wann sie auch immer einsetzeu 
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mogen, gewohnlich schadlich sind^j; die durchschnittlicheNiedersclilagsmenge 
in Woburn (600 mm im Jahr) scheint fiir den Bedarf der dort wachsen- 
den Gerste sehr reichlich zu sein und jede weitere Niedersclilagsmenge ist 
wahrscheinlich mehr von Schaden als von Nntzen. Der scliadigende Eiii- 
flufi kommt besonders sclion in den Frubjahrsmonaten Februar und Marz 
deutlich zum Ausdruck; in diesen Monaten ist eine durchschnittliche Regen- 
menge von 3,1 Zoll (= 78,74 mm) schon mehr als genug, und weitere 
Niederschliige zeigen deutlich eine schadliche Wirkuiig. 


T ab ell e 24. 

Der Prozentsatz der Abweichnng, berechnet ans den geradlinigeii Wirkungen 
nnd aus der Yertoilnng der Niederschlagsmengon. 


Niedersclilagsmenge in « Monaten 

Niederschlagsmenge in 12 Monaten 


Prozentische Abweichnng, 

Prozentische Abweichnng, 


berechnet aus der 

berechnet 

aus der 

Parzellen 

— 

1 

- ' 


Gesamtmenge ! Verteilung 

(icsamtmenge i 

Verteilung 


Niederschlage | Regenmenge 

Niederschliige 

Regenmenge 


Serien ohne Stickstoff 



1 

b 5 

22 

1 

7 

lb 1 - 

11 

10 

4a 

11 , — 

12 

14 


Serien mit s’chwefelsaurem Ammoniak 


2 a 

— .1 

— 

— 

5 a 

1 7 

— 

— 

H 

— 4 

— 

— 


Serien mit Natnnisalpeter 


3 a 

b — 1 

1 

— 

H 

7 - 1 

O ! 


9 

1 0,3 1 





Slallmist-Seiie 



lib 1 

b b 1 

b 

— 


Die Natroiisalpetcr-Parzellen leiden darunter Aveniger, ein Heweis, 
da6 das Nitrat den schadlicheii EinfliiC des Frubjalirsregens ant* diePflanzen 
vermindert. Die Abschwiichung der schadigendeii Wirkung der Friilijahrs- 
niederschlage bei An wen dung steigender Stickstofi’gaben zeigen die nacli- 
stehenden Zahlen“), die man aus den Kurven ermittelt hat. 


Selbst die Niederschliige ini Winter (September bis Febiuar) lieeinflussen die Er- 
gebnisse, wie aus dem Unterschied zwischen den Kurven fiir b und fur 12 Monate er- 
sichtlich ist. 

“0 Die Zahlen baben nur relativen, nicht absoluten Wert, sie geben niir die Rich- 
tung Oder die Unterschiede an; aber strong genoininen, kbnnen .sie nicht von der Kurve 
getrennt werden. Sie haben nur dann Wert, wenn die Niederschlage des ganzen Jahres 
berticksicbtigt werden und wenn die durchschnittlicbe Hbhe der llegenmenge aufier fur 
die in Frage kommenden Zeitraume aucb fUr andere festgestellt wird. Die bei der Messung 
der Niederschlagsmeuge in den Monaten Februar bis August, d. li. in der Vegetations- 
periode, erhaltenen Kurven lassen alinliche Folgerungen zu, aber die tatBiichlichen Zahlen 
Bind gegenttber diesen eber hoher. Diese Zahlen kbnnen normalerweise nicht als Ouier- 
lagen zum Bestimuien der Ernteaussichten benutzt werden. 
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Tabelle 26. 

Steigende Stlckstoffgaben. 


Stickstoff 
als Natron sal]>eter 
gegeben 

Kilogramm je Hektar 

i 

Parzellen 

Dnrch- 
Bchnittlicher 
Kornertrag 
Kilogramm 
ie Hektar 
1877 bis 1906 

Die nacb Kilogramm je Hektar 
borechnete Abweicbnng im Kornertrag, 
verursacbt durch 26 mm weitere Nieder- 
schlkge im 


Februar bis Miirz 

Juli 

0 

1. 7, 4 

UJ2 

- 128 

~ 70 

40 

0 

2377 

— 70 

— Ill 

40 

4 

1823 

— 82 

- 82 

92 

9 

2720 

-f 29 

- 175 i 

— 87 

Stickstoff als Stall- 
mist gegeben 124 

II b 

2225 

— 64 


Audi in Kotlianisted erliielt raan ein ahnliches Ergebnis. 

Die Stallmist-Parzelle (11b; unterschied sich sehr deutlich von den 
Parzellen mit kiinstlichen Diingfemitteln. Trotz der starken Steigcrnng 
der Stickstoffgabe durch Verwendung der Stallmistdiingung batten die 
Fruhjalirsniederschlage eine Starke Ertragsdriickung zur Folge, die vollig 
ubereinstimmte mit der auf Parzellen oline Stickstoft'diingung beobachtcten 
Vermindening. Andererseits wirkt sidi bier ansdieinend weiterer Regen 
im Oktober giinstig ans, eine Beobachtung, die man bei anderen Parzellen 
nidit macben konnte. 

Da Stallmistdiingung in mancber Beziebung den ('barakter eines 
stickstoffhaltigen Diingemittels zeigt, fallt die Verschiedenartigkeit hin- 
siditlidi der Keaktion auf Niedersdilagsmengen umso mehr auf. Man mufi 
bedenken, dad diese beiden DiingemitteJ nacb ganz verschiedenen Methoden 
zur Anwendung kommen. Mit Natronsalpeter wird im Spatmkrz Oder 
April gediingt, nadidem die Februarniedersdiliige voruber sind, von weldien 
diese Diingung also nocb garnicht beeintrachtigt wird, so dad sie zur 
Uberwindung sdiadigender Einfliisse vollverfugl)ar ist. Stallmist dagegen 
kommt als Kopfdiingung im Januar zur Anwendung, so dad er der aus- 
laugenden W'irknng der Februar-NiederscbJage ausgesetzt ist und dadurcb 
ein Teil der fur die Diingung wertvollen Bestandteile ausgewascben wird. 

Es wurde aucb nocb eine andere statistiscbe IJntersuchungsmethode 
benutzt, die nicbt nur mit den sogenannten geradlinigen Wirkungen 
arbeitet. soiidern mehr mit Komplexwirkungen (mit quadratischen und 
kubischen Darstellungen). Nacb dieser Metbode scbeinen Marz und April 
fur jeden Uberschud an Niederschlagen die ungiinstigsten Monate zu sein; 
selbst die durchscbnittlicbe Niederschlagsmenge dieser beiden Monate 
(83 mm) ist zu bocb und bessere Ernten werden durcb geringere Nieder- 
schlagsmengen erzielt. 

DieKurven (z.B.Abb.6) zeigen aber aucb, dad zu wenig Regen schkdlich 
ist und dad man die besten Ergebnisse bei einer Niederschlagsmenge von 
ungefabr 37,5 bis 50,0 mm in diesen beiden Monaten feststellen kann. 
Die Ergebnisse sind in Tabelle 26 zusammengefadt. 
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T a b e 1 1 e 2<). 

Die dnrch gttnstig bzw. ung1insti)i;r ^irkonde Nieder.scb1ag:$men^en 
herrorgrernfenen ErtragSKteigornogren bzw. Ertra^sminderangren 
in Doppelzontnern je Hektar 



Par- 

zellen 

Mittlere 
Plrtrage in 
29 Jaliren 

1 878 bis 1 909 
Kornertrag 
in Doppel- 
zentnern 
je Hektar 

Gunstig 
wirkende 
Nie<ler- 
schlagsnienge 
im Marz 
bis April 
(37,5 bis 
50,0 mm) 
Ertrags- 
sieigerung 

UngUnstig 
wirkende 
Nieder- 
schlagsmenge 
im Marz 
bis April 
(iiber 

100,0 mm) 
Ertrags- 
rainderung 

rngediingt 

• J 

1 0,7 

1 ,.5 bis 2,9 

1,2 bis 1,8 

Nur Mineralsalze 

I 

1 2,0 

4,7 

2,3 

Mineralsalze -f- Natronsalpeter . . . 

Mineralsalze 


26,0 

i,l 

2.9 

-j-schwefelsaures Ammoniak . . . 

5,8 

18,7 

2,3 bis 3,5 

1,7 bis 2,3 

!Nur Natronsalpeter 

1 8,6 

6.4 

2,3 

Nur schwefel8aure.s Ammoniak . 

i> 

13,6 

2. > 

l,i^ 

Stallmistdiingiing 

II h 

23.1 

2.6 

4,1 



Parze/fe iu 7 ungedungt 

Parzel/e P nur Ammon/umsa/ze 

Abb (). 

Die Kurven zeigen die liuearen und die einfncheii nicht linearen (kubischen) Wirkungen 
der Mtirz- und April-Niedcrschlaj^e auf den Kornertra^^ bei Gerste 

Im Vergleicli zu den Pflanzen der iiiit Stallmist und scliwelfelsaurem 
Ammoniak behandelten Parzelle ist in den Zeiten mit trockenem Friili- 
jahr das Getreide auf der mit Natronsalpeter gediingten Parzelle wesentlich 
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besser gekommen; auch die Mineralsalzdiingungen zeigten eine gute 
Wirkung. Dagegen stand in den ,lahren mit feuchtem Marz nnd April 
die schwefelsaure Ammoniak-Parzclle bedeutend besser^). Stallmistdiingung 
zeigte eine Veranderung im cntgegengesetzten Sinn; sie verschlechterte 
sich deutlich in den Zeiten mit feuchtem Friihjahr. Man hat den Ein- 
druck, als ob ihre Fahigkeit, die Bodenfeuchtigkeit zu erhalten, sich in 
feuchter Yegetationszeit auf das Wachstum der Pflanzen ungiinstig ans- 
wirkt. Andererseits konnte man im trockenen Friihjahr keinen besonders 
giinstigen EinfluB der Stallmistdiingung feststellen. 

Diese Folgerung ist in der nachstehenden Tabelle zum Ausdruck 
gebracht, in der 30 .lahre, 1877 bis 1900, nach der im April festgestellten 
Niederschlagsmenge geordnet sind. 

Die Zahlen dienen nur zur Erlauterniig, einen anderen Wert haben 
sie nicht; die Methode ist nicht durchgearbeitet iind fiir Versuche ganzlich 
ungeeignet. — Es muB nocli hinzugefiigt vverden, daB die Diingung mit 
Natronsalpeter Ende April oder Anfaiig Mai, d. h. nach dem fraglichen 
Zeitpunkt, vorgenommen wird. 


Tab el Jr '21 


April- 

Niederschlage 
in Millimeter 


Anzuhl 

der 

Jahre 


Unter ilomin H 

Unter 25— 50 mm 15 

tiber 50 mm 9 


Nied 


Die Steigferung des Gesamtertraffes 
in Doppelzentner je Hektar im Vergleich 
zu der ohne SHckstoff gedungten 
I’arzelio 4 


Natron- 
salpeter 
Parzelle 6 


Schwefel- 
saures 
Ammoniak 
Parzelle 5 


Stallmist- 
diingung 
J^arzelle 1 1 b 


Erhbhung 
derfirtrage durcb 
Natronsalpeter 
verglichen mit 
soliwefelsaurem 
Ammoniak 


27,0 

1.7 

28,5 

22,5 

52,1 

10,9 

27,8 

21,2 

50, H 

21,2 

18,7 

kd 

(lilkge im 

F r u li s 0 m 

jn e r. 



Ein anderer /eitrauni mit deutlichem EinfluB der Niederscliliige auf 
die (Tcrstenernte ist der dritte Monat der Vegetation, d. h. 00 bis 90 Tage 
nach der Aussaat. In diese Periode (die durchschnittJich vom 24. Mai 
bis 22. Juni daiiert) tallt das schnellste \\ achstum der Pflanze und damit 
auch die hoclisten Anforderungen an die Bodeiifenclitigkeit; anscheinend 
wird die gesamte durchschnittlk-he Regenmenge (5r),8 mm) gebraucht. Fur 
die meisten Parzellen geiiiigt diese Menge, und weitere Niederschliige 
sind schadlich; aber die beiden Parzellen, die mit der doppelten Menge 
Natronsalpeter und schwefelsaurem Ammoniak gedungt waren und das 
starkste Wachstum bewirken, benotigen groBere Niederschlagsmengen ; 
sie brauchen weitere 12,5 mm. Ein Mangel an Regen scheint schadlich 


0 Die Regressioiis-Gleichuiigen driicken <lie Reziehungen zwiscben Niederschlagen 
und der durcb fetickstoffdiingiing hervorgerufenen Ertragssteigerung aus und deuten darauf 
bin, dad die Natronsalpeter- Parzellen (lurch die April- Regen weniger stark gesch&digt 
werden als die Parzellen mit .schwefelsaurem Ammoniak. Auf jeden Fall ist der April-Regen 
fiir einen geringen Anteil der Jahres-Abweicliungen Terantwortlich. 
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zu sein, so dafi die durchschnittliche Niederschlagsmenge doch wohl das 
Optiraum darstellt. 

Die darch Mangel oder llberschnfi an Niederschlagen in dieser Zeit 
eingetretenen Verlnste am Kornertrag, wie sie aus Franlein Websters 
(lurch kubische und quadratische Grofien dargestellte Kurven abgelesen 
worden sind, werden in Tabelle 28 zum Ausdruck gebracht und betragen 
in Doppelzentner je Hektar: 


Tabelle 2H. 



Par- 

Mangel 

an Regen 

1 UberschuB an Regen 







zelle 

50 nini 

25 nim 

25 mm 

1 50 mm 

lingediingt 

1 

2,02 

! 0,58 

1,10 

I 4,08 

Nur Mineral ‘^alze 

4 

.4,20 

0..58 

0,.‘>H 

i .4,49 

VolldUngung (Natronsalpeter) . . 

(> 

5,H2 

1 ,75 

0..58 

: 4,49 


0 

0,70 

2, .44 

— ■ 

j 

Volldungiing ( schwefelsaures Ammoniak) 

5 

1,10 

: — 

1,10 

4,08 


H 

5,82 

' 1,75 

__ 

2,4.4 

Stallinist-I»unn'unn' 

11 b 

.4.49 

: 0.58 

1,40 

4,00 


Fiir Jahre mit einem trocken(‘ii Juni hat sich Stallmistdiingung 
gunstiger erwiesen als kiinstliche Diiiigung niit Natronsalpeterj aber in 
einem feuchten Juni hat man mit kiiiistlicheii Dungemitteln bessere Er- 
fahrungen gemacht, besonders bei Anwendimgstarkerer Stickstott’diingungen. 

Bei Verabreichung hoherer Gaben liiBt sich zwischen Natronsalpeter 
und schwefelsaurem Ammoniak ciii Unterschied iiicht feststellen, obgleich 
geriugere (iaben von schwefelsaurem Ammoniak im trockenen .luni eine 
hohere Wirksamkeit zu zeigen schienen, eine Eigenschaft, die im Gegen- 
satz steht zu ihrem VerhaJten bei trockenem Marz und April. Im all- 
gemeineii hat man den Eindruck, als ob Natronsalpeter fiir trockene 
Sommer geeigneter ist; eine Erlauterung ist in Tabelle 29 gegeben. 

Man kann das Ergebnis einerseits ebenso einer absoluten Uberlegenheit 
des Natronsalpeters in Jahren mit trockenem Marz und April zuschreiben 
wie es auch durch Unterschiede in der Loslichkeit verursacht sein kann, 
und andererseits laBt sich das Eigebnis ebenso auf die IJnterlegenheit 
des schwefelsauren Ammoniaks in trockenen Jahren zuriickfiihren wie es auch 
durch die in trockenen Jahren wohlbekannte Verstarkung der Siiurewirkung 
bedingt sein kann. Der zuletzt genannte Grund kann aussc-hlaggebend 
sein, da Mineralsalze ailein, ohne Natronsalpeter, auch in trockenen .lahren 
hohere Ertrage gaben als Diingungen mit schwefelsaurem Ammoniak. 


Niedersclilage im Spatsommer. 

Die statistischen Untersuchungen deuten hin auf cinen schadlichen 
EinfluB der Spatsommerniederschlage auf alle, besonders aber auf die mit 
Natronsalpeter behandelten I'arzellen. 





S06 


E. J. Bussell: 


Tab ell e 29. 

Die nach dem Unterschied im Oesamtertrag (Doppelzentner Je Hektar) 
anf yerirleichbareii Parzellen in einem Zeitranm Ton 20 Jahren (1877 bis 1896) 
festgrestellte Uberlegrenheit Ton B at ronsal peter Uber scbivefelsanres Ammoniak. 




Gerste 



Weizen 



Trockene | 
Jahre') | 

Feuchte 

Jahre') 

Mittlerer 

1 Ertrag 
fiir alle 
Jahre 

Trockene 

Jahre 

Feuchte 

Jahre 

Mittlerer 
Ertrag 
fUr alle 
Jahre 

Durchscbnittliche Nieder- 
schlagsrneuge in Milli- 
meter, Marz bis August 

2,45 

! 3,45 

1 i 

2,95 

I 

2,45 

3,45 

2,95 

rnterschied zwiscben den 
Parzellen 

3 bis 2 

1 

1 

(V-J ' 

1 

2,2b I 

4,24 

2 92 

— 2,122) 

0,40 

6 bis 5 

11,11 

),HB : 

7,90 

5,20 

0,74 

2,97 

9 bis 8 

14,02 

;t.i4 ! 

8,58 

3,50 

— 5,91*) 

— 1,21*) 


Die Bezieliungen zwischen Ernte, Aussaatzeit uud Nieder- 
sclilagen vvahrend der Aussaatzeit. 

Wahrend einer dreifiigjahrigen Versuchszeit Jag der Termin fiir die 
Aussaat der Gerste zwischeii dem 26. Februar (1898) und dera 17. April 
(1901). Ein bestimmter Eiullufi auf den Ertrag laiit sich iiicht nachweisen. 
Es sind auch keine Anzeichen dafiir vorlianden, daC fruhere Aussaatzeiten 
die Ertriige gunstiger beeiniiussen als spate Anssaattermine. 

Man hat oft gemeint, dafi die Hanptsache fiir gute P>trage eine friihe 
Aussaat sei, Viele Versuche haben bewiesen, daC bei Gerste, wenn sie 
nicht zu dera von der praktischen Erfahrung als gunstigster anerkanuten 
Aussaatterrain sondern fruher ausgelegt wird, im Kriihstadium eine schwere 
Wachstumshemmung eintreten kann, von der sich die Pflanze niemals 
vollstandig erholt. Ein Verschieben der Aussaat bis fiber den fiir die 
Pflanzen schiidlichen Zeitpunkt hinaus beeiutrachtigt die Ernte insofern, 
als die Pflanze dann zur vollstandigen Eiitwicklung nicht mehr genugend 
Zeit hat. 

Das Ergebnis bringt nicht viel Neues, abgesehen davon, dafi die 
Versuchsleiter immer giinstige Anssaattermine gewahlt hatten. Hinge- 
wiesen wurde bereits auf die Tatsache, dafl Abweichungen in den Nieder- 
schlagen wahrend der Aussaatzeit keinen merklichen Einflufi auf die Ernte 
ausiiben. Dies mag auch im Zusammenhang stehen mit der sorgfaltigen 
Auswahl der Aussaat auf eineu Zeitpunkt, fiir den die Bedingnngen — 
nach der Ansicht des erfahrenen Praktikers — am gunstigsten sind. 

Die Wirksamkeit von Natronsalpeter und Stallmist. 

Aui den mit Natronsalpeter behandelten Parzellen zeigen die Stei- 
gerungen der Gerstenertrage geringere Schwankungen von einem Jahr 

*) Zehn Jahre mit einer tiberdurchschnittlichen, zehn Jabre mit einer unterdurch* 
schnittlichen Begenmenge. 

*) Scbwefelsaures Ammoniak ist bier Natronsalpeter ttberlegen. 
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2 um anderen als die absoluten Werte der Ertrage auf den olme Stick- 
stoif behandelten Parzellen, ein weiterer Beweis fiir die anf Seite 197 ge- 
machten Ansfubningen, dafi die prozentischen Abweichungen in den Er- 
trkgen auf den Parzellen init Volldiingung geringer sind als auf deneii 
ohne Stickstoff. Hinsichtlicli der Niederschlage hat man den Eindruck, 
als ob die tatsiichliche, dorch Natronsalpeter bewirktc Zunalime in feuchten 
Jahren nicht grofier ist als in trockenen Jahren: aber wenn man sie als 
prozentuale Zunalime auswertet, ist sie doch in feuchten Jahren groBer, 
weil die absoluten Ertrage auf den Parzellen ohne Stickstoff dann ab- 
nehmen. Es fallt zuniichst auf, daB man in d’en Jahren mit trockenem 
Friihjahr auf diesem leichten Boden mit Stallmistdiingung nicht bessere 
Erfahrungen geinacht hat als mit kunstlichen Diingemitteln; man muB 
aber andererseits bedenken, daB die Niedcrschliige im Friilijahr fast immer 
zu stark sind und daher der Vorteil des Stallmistes, die Feuchtigkeit zu 
halten, nicht aiisgenutzt werden kann. Nur in Jahren mit trockenen 
Sommermonaten hat sich die Diingung mit Stallmist giinstiger erwiesen 
als die mit kunstlichen Diingemitteln. 

Die durchschnittliche Niederschlagsmenge. die fiir Woburn 608 mm 
jahrlich betriigt, erscheint fur einen leichten Boden sicherlich gering, aber 
die allgemeine Erfahrung dort hat gelehrt, daB diese Meuge geniigt. in 
den sehr trockenen Sommern der Jahre 1933 (413 mm Niedcrschliige) 
und 1934 (495 mm Niedcrschliige) zeigten die unter den ilblichen Be- 
dingungen angebauten Pfianzen ein iiberrascheud gutes Wachstum. Dieses 
liLBt sich viellcicht mit einer gcwissen Besonderheit des Bodeiis in Woburn 
erkliiren Oder vielleicht vertragen Gerstc und Weizen auch auf anderen 
leichten Boden trockene Sommer doch besser, als manclimal angcnomrnen 
wird. Das Stroh kann kurz ausfallen und die Ptlanzen mogen einen ver- 
kummerten Eindruck machen, aber schlieBlich fiillt die Ernte doch oft 
weit besser aus, als man erwartet hatte. Wahrscheinlich liegt der schlechte 
Ruf der leichten Boden in trockenen Sommern eher an den geringen 
Ertragen bei Wurzelfriichtcn und bei Weidefliichen als in einer ernsten 
Schadigung der Getreidepflanzen. 

Ein Vergleich zwischen den Wirkungen der Niederschlage 
in Rothamsted und in Woburn. 

Die Wirkungen der Niederschlage in Rothamsted und in Woburn 
lassen sich nicht genau miteinander vcrgleichen, weil der linterschied in 
der Versuchsdauer sehr groB ist und auch die nicht in Woburn, sondern 
allein in Rothamsted angewendete „Polynomial-'‘Methode dazu beitragt, 
daB nur auf lange Siciit geradlinige Wirkungen fcstgestellt worden sind. 
Es scheint, als ob diese Einfliisse der Niederschlage an beiden Orten bei 
den drei Parzellen, die sowohl in Woburn als auch in Rothamsted M mit 
Ergebnissen einer 50jahrigen Versuchszeit zur Verfugung stehen, im 

0 Die Ergebnisse einer nnr SOjahrigen Versuchszeit bringen diese verschiedeneu 
Punkte nicht so deutlich zum Ausdruck. 
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wesentlichen denselben Charakter zeigen. Fur beide ist die durchschnitt- 
liche Niederschlagsmenge hoher, als es dem Bedurfnis der Pflanzen 
— anf jeden Fall wahrend des grSfiten Teils der Vegetationszeit — ent- 
spricht. Weitere Niederschiage, wann sie auch auftreten, sind fast immer 
schadlich, besonders aber im Friihjahr: allerdings ist in diesem Fall dann 
der schadliche EinfluB des Eegens in Rothamsted niclit so stark wie in 
Woburn. Fur die ungedungten Parzellen stimmen die Kurven weit- 
gehend iiberein, abgesehen, dafi Woburn unter der durch Fruhjahrs- 
niederschlage verursachten Verschlechterung mehr zu leiden hat als 
Rothamsted. Folgende Werte ergeben sich fiir eine Berechnung in 
Doppelzentner je Hektar: 

Wirkongf Ton 25 mm woiteren Niederschlagr8mong:on. 

Woburn i Rothamsted 

! 

Diirclischnittliche allgeineiiie Ertragsdriickung 0,.‘3 0,23 

ErtraffsdrUckune* durch Friihiahrsnjederschlaffe 1,3 0.4 

Fiir die anderen Parzellen stimmen die Werte weniger iiberein, ob- 
gleich man auch hier nicht grundlegende I’nterschiede feststellen kann. 
Auf den nur mit Mineralsalzen gediingten Parzellen ist die durch Friih- 
jahrsnicderschliige hervorgerufene Ertragsdrlickung an beiden Orten gleich, 
d. h. sie betragt Op dz je Hektar; aber sie setzt in Rothamsted spiiter, 
d. h. im Miirz bis April, ein, wahrend sie sich in Woburn bereits im Februar 
bemerkbar macht. 

Auf Parzellen mit Yolldiingung sind sowohl in Rothamsted als in 
Woburn die jahrlichen Abweichungen im Verhiiltnis zum Ertrage geringer, 
als dies auf Parzellen nur mit Mineralsalzgaben oder auf ungediingten 
Parzellen der Fall ist, und die durch die stickstoffhaltigen Uungemittel 
bedingten prozentualen Steigerungen der Ertrage (allerdings nicht die 
tatsachlichen Steigerungenj sind grofier in .lahren mit feuchtem Friilijahr 
als bei einer im Friilijahr auftretenden Trockenheit *). 

Ahnliche Ergebnisse erhalt man auch bei den Parzellen, die nurStick- 
stoff (Natronsalpeter in Woburn, schwefelsaures Ammoniak in Rothamsted) 
erhalten haben. Die durch die Friihjahrsniederscblage hervorgerufene 
Ertragsdrlickung wirkt sich auf beiden Stationen in gleichem Mafie aus; 
allerdings kann man in Rothamsted groBere Schwankungen feststellen 
als in Woburn. Bei Stallmistparzellen stimmen die Ergebnisse im all- 
gemeinen iiberein; doch machen sich in Woburn die Einflusse der Nieder- 
schlage noch mehr bemerkbar als in Rothamsted. Die Rlrtragsschwan- 
kungen betragen in Doppelzentner je Hektar: 

730 mm in Rothamsted, 605 in Woburn. ' 

*) Die Ergebnisse fUr die Natronsalpeterparzellen in Rothamsted sind noch nicht 
ausgearbeitet worden, so dafi an ihre Stelle die Ergebnisse der mit schwefelsaurem Ammoniak 
behandelten Parzellen eingesetzt sind. Diese stimmen im groBen und ganzen mit den 
R atron salpeter- Parzellen u herein . 
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Wirknng: Ton 25 ram weitcren NiederschlagHmengen. 



Woburn 
(Versuchszeit 
von .'to Jahren) 

1 

1 

i 

Kothamsted 
(Versuchszeit 
von 70 Jahren) 

OktoberO 

0,0 

; 

-f 0,5 

Februar 

— 1,0 


— 0,8 

Jiini bis Jnli 

— 0..5 

! 

-4- O,.*) 


Die durch die weiteren Niederschlagsmengen im Friihjalir hervor- 
gerufene Ertragsdriickung laBt sich liauptsaclilich damit erklitren, dafi das 
Nitrat aus dem Boden ausgeJaugt wird: der Vcriust kann durch Diingung 
mit Natronsalpeter und schwefelsaureni Ammoniak wieder ausgeglicheii 
werdeii. Die Tatsache, dafi zum Zuslandekommen dieses Ausgleichs ein 
groBer Stickstoff-UberschuC notwendig ist, deiitet darauf hiii, dafi auBer 
dem Verlust an Nitrat noch irgend ein anderer Faktor mit schadigender 
Wirkung vorhanden sein muB. 

Die durch weitere Niederschliige im Juli bedingte Verschlechterung 
laBt sich nicht durch Diingung mit Natronsal))eter aufheben, ein Beweis, 
daB die Ertragsdriickung durcli andere Faktoren, wic Lagern des Gc- 
treides, storende Eiiiwirkungen wiihrend des Heifungsprozesses u. ii., ver- 
ursacht wird. 

Fehlen der Wirkung, die dann eintritt, wenn die Ertriige sehr stark 
gesuuken sind, zeigt, daB Anderungen in der Nitratzufuhr nicht die 
einzigen Faktoren sind, die an der Ertragsdriickung beteiligt sind; dies 
wird auch deutlich durch die Tatsache. daB die Steigerung der Ertriige 
Je Kilogramm zugefiihrten Stickstotls dann nachlaBt, wenn sich die Er- 
tragsdriickung deutlicher bemerkbar macht. 

Ei n Ve rg 1 ei c h zwischen Kothamsted und Woburn 
hinsichtlich d e r Verschl echterun g der Ertriige. 

Ein Vergleich zwischen den Ergebnissen von Kothamsted und von 
Woburn lilBt sich schwer durchfuhren, weil die Dauer der V^ersuchszeiten 
ganz verschieden ist : Die Versuchsreilien in Kothamsted erstrecken sich 
iiber 70 Jahre, die in Woburn dagegen nur uber 30 und r)0 Jahre. Es 
ist klar, dafi die bei den ungedtingten, nur mit Mineralsalzen und nur mit 
Stickstoff gediingten Parzellen beobachtete Ertragsdriickung sich in \\ oburn 
starker bemerkbar macht als in Kothamsted: Die sowohl an Stickstoft als 
auch an Mineralsalzen vorhandenen Reserven scheineii aiif dem leichten 
Boden in Woburn schneller verbraucht zu sein als auf dem schwereren in 
Kothamsted. Auf den mit Stallmist gediingten Parzellen kann man an 
beiden Stationen kein Nachlassen in der Wirkung bemerken; auch auf 
den Parzellen mit Volldiingung liiBt sich eine Ertragsdriickung kaum fest- 
stellen: Ist sie aber vorhanden, dann scheint sie in Woburn etwas starker 
zu sein als in Kothamsted. 

‘) Vor der Aussaat im Winter. 

Landvt. Jh. Bd 84. Heft 2 
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Der Unterschied zwischen den beiden Stationen zeigt sich am dent- 
lichsten bei den mit schwefelsanrem Ammoniak gedungten Parzellen. Eine 
Versanernng des Bodens hat man bis jetzt in Rothamsted nicht beobachten 
konnen, folglich setzte hier nicht dieses schroffe Abfallen der Ertr^ge 
ein, wie es in Woburn stattfand. 

XL Die Weizeii-Versuche. 

Die Weizenversuche warden genau nach denselben Richtlinien durch- 
gefuhrt wie die Gerstenversache; Anordnung and Umfang der Versnche 
sowie Diingung w^aren bei beiden Getreidearteii die gleichen. Wiihrend 
der ersten 15 Jahre, besonders aber in den .lahren 1882 bis 1886, waren 
die Ertrage hoch; sie bewegten sich zwischen 11,4 dz je Hektar auf der 
ungediingten Parzelle und 26,2 dz je Hektar auf der Parzelle mit kiinst- 
licher Volldiingung. Spilter nahmen die Ernten auf alien Parzellen ab, 
allerdings ging das Abfallen der Ertrage auf der mit Stallrnist gedungten 
Parzelle durchweg am langsamsten vor sich. 

In norinalen englischen landwirtschaftlichen Betrieben kann man bei 
Weizen im allgemeinen einen Gesamtertrag feststellen, der den der Gerste 
uin 50 ubersteigt. in Woburn liegen die Bedingiiiigen fiir Weizen 
jedoch weniger gunstig, und im allgemeinen war hier der Gesamtertrag 
fur Weizen und Gerste der gleiche, obgleich Weizen im Herbst und Gerste 
erst im Friihjahr ausgesat wird. Uberdies ist hier die Trennung des 
Pflanzenmaterials in Korn und Stroh nicht so genau durchgefiihrt w^orden 
wie bei der Gerste: Zwischen 35 und 40 der gesamten Ptianzensubstanz 
rechnet zum Korn gegeniiber 45°/^ bei Gerste^). Folglich liegen die Korn- 
ertrage bei Weizen niedriger als bei Gerste, selbst wenn der Gesamt- 
ertrag fast gleich ist. Deragegenuber trat in dem Verhaltnis, Kornertrag zu 
Gesamtertrag fast keine Abweichung auf, und erst in den letzten fiinf Ver- 
suchsjahren liefi sich ein starker A bfall feststellen; hier senkte sich das Ver- 
haltnis auf 29 Auf den Parzellen ohne Stickstoff wird der Kornanteil 
in Jahren mit guter Ernte gewbhnlich hoher als bei den schlechten Ernten; 
dagegen neigen die mit Stickstoff gedungten Parzellen unter den gleichen 
Bedingungen mehr zu einer Abnahme des Kornertrages. 

Wie bei Gerste wird auch bei Weizen das Verhaltnis von Kornertrag 
zu Strohertrag durch die Diingungsart wenig beeinfluBt. Eine Ausnahme 
hiervon bilden nur die Parzellen mit Natronsalpeterdiingung in doppelter 
Menge, die relativ mehr Stroh bringen and auf diese Weise gegeniiber 
den ohne Stickstoff behandelten Parzellen ein niedrigeres Verhaltnis haben, 
wahrend bei den mit schwefelsaurem Ammoniak gedungten Parzellen der 
Strohertrag geringer ist und sich damit auch gegeniiber der Natronsalpeter- 
Parzelle das Verhaltnis Kornertrag zu Gesamtertrag erhoht. 

Es fallt auf, daff man bei den meisten Diingungsarten in Woburn 
fast den gleichen Gesamtertrag fur Weizen und Gerste feststellen kann. 

0 In Kanada, wo der Weizen im Priihjahr ausgelegt wird, ist das Verhtlltnis von 
Kornertrag zu Gesamtertrag im allgemeinen hoher als in England; es betragt ungefahr 
45®/oj derselbe Wert, der in Woburn fiir Gerste ermittelt wurde. 
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In einzelnen Jahren sind zwar Unterschiede vorhanden, sie gleichen sich 
aber bei der Feststellung des Mittelwertes wieder ans. 

Sowohl bei Weizen als anch bei Gerste geht fast waiirend der ganzen, 
sich liber 50 Jahre erstreckenden Versuchszeit die Abnahme der Gesamt^ 
ertrage beinahe in deraselben VerhaJtnis vor sich; ist ein Unterschied 
wirklich festznstclJen, wirkt er sich gewohniich zn Gnnsten des VVeizens 
aus. Die Ertrage sind bei Weizen gewohniich stabiler als bei Gerste, 
eine Feststellung, die man besonders aiif den sauren Parzellen 2, o and 8 
machen kann, da Weizen anf saurem Boden besser gedeiht als Gerste. 
In labeile 31 sind die dnrchschnittlichen Ertrage jedesmal fiir einen 
Zeitraum von fiinf Jahren zusammengefaBt. 

I. Die ungediingten Parzellen. 

Die beiden ungediingten Parzellen brachten sehr iilinliche Ertrage; 
bei IV eizenparzeJlen war der (Jiiterscliied geringer als bei Gerste. VV'ahrend 
der ersten 15 Jahre waren die Eriiten gut, durciisciinittlicli 31,8 dz je 
llektar Gesaintertrag: danii setzte eine Abnahme der Ertrage ein uiid 
in den luichsten 15 Jahren betrug der dnrchschnittliche Wert nur 19,3 dz 
je Hektar, in deni dritten Zeilranm von 15 tiahren sanken die Ertriige 
iioch weiter bis auf 17,4 iind tielen schlieBlich wiihrend der Ictzteii fiinf 
Jahre schroff ab. 

In derti \ erluiltnis von Kornertrag zn Gesaintertrag konnte man 
iiii Gegensatz zu den ungediingten Gerstenparzellen bei Weizen keine 
bestiindigo Abualime beobachten: Das Verhaltnis ist hier fur die ersten 
sowohl wde auch fiir die letzten 15 Jahre das gleiche (31®/„); wiihrend 
der dazwischen liegenden 30 Jahre schwankt das Verhaltnis nnr wenig 
um 38°/„. in demselben Ma6e wie das Korngewicht verandert sich auch 
das Gesamtgewicht, aber das Abfallcn geschieht nicht ganz so stark. 

2. Mineralsalzdiingungen ohne Stickstoff. 

Die nur mit Mineralsalzen gediingten l^arzelien ergaben fast die- 
selben Gesamterlrage und Kornertriige wie die ungediingten Parzellen, 
eine Tatsache, die man auch bei (jerste feststeJlen konnte. 

Tabelle 30 gibt die iiach Doppelzentner je Hektar berechneten 
Werte an. 


Tabelle 30. 



Gesauitertrajr 


Kornertrag 


Diingung 

Die 

: Die 

Die 

Die 

i Die ■ 

Die 

ersten 

zweiten 

letzten 

ersten 

1 zweiten ; 

letzten 


15 Jahre | 

! 

15 Jahre 

15 Jahre 

15 Jahre i 15 .lahre 

! 

15 Jahre 

Ungediingt 

31,8 

10,3 

15,6 

10,0 

1 

i 7,2 

5,0 

MineralsfdzdllDgimg . . 

32,7 

17,8 i 

10,0 

10,8 

: 

5,8 


3. Mineralsalzdiingungen. 

Von Stickstoff abgesehen, ist die \Nirkung der Mineralsalze sehr 
gering, geringer als bei Gerste, ein Beweis dafiir, daB Weizenpflanzen 

14* 
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mehr als Gerstenpflanzen befahigt sind, aus dem Boden die fiir sie zur 
Entwicklung notwendigen Mengen an Kali und Phosphorsaure anfzunehmen. 
Bei gleichzeitigen Stickstoflfgaben steigern die Mineralsalze die Ertrkge, 
eine ausgesprochene Wechselwirkung, die darin begriindet liegt, dafi die 
Wirknng der Yolldiingung weit starker ist als die Summe, die sich aus 
der Wirkung des Stickstoffs fiir sich and der Wirkung der Mineralsalze 
allein ergibt. Bei Weizeii lafit die Wirksamkeit der Mineralsalze im Ver- 
gleich zu der ersten Versiichszeit in den spateren .lahren nach zum 
Unterschied von Gerste (S. 168), bei der die Mineralsalzdiingungen in den 
letzten 20 Jahren genau so wirksam waren wie in den ersten zehn und 
bei welcher sich sogar in der Zwischenzeit eine Erhdlmng der Wirksamkeit 
feststellen lieB. Obgleich Aiizeichen dafiir vorhanden sind, dafi Phosphor- 
saure wirksamer ist, laBt sich doch bei Weizen ebensowenig wie bei 
Gerste rait Sicherheit feststellen, ob Kali oder Phosphorsaure eine stiirkere 
Wirkung zuzuschreiben ist (Tabelle 31). 

Tab ell e 31. 

Dnrchschnittlicher Oesanitortrag bei Weizen in Doppelzentner je Hekfar. 


i 


Parzelle 

1877 

bis 

1881 

J8H2 

bis 

1880 

1887 1 
bis ; 
1891 i 

1892 

bis 

1890 

1897 

bis 

19(H 

1902 

bis 

1900 

1907 

bis 

1911 

1912 

bis 

1910 

1917 

bis 

1921 

1922 

bis 

1926 

1 nnd 7 . . . 

32 2 

31,0 

29.3 

20,4 

18,0 

19,5 

19,0 

10.1 

I6,;t 

10,1 

4 a 

35!o 

33,7 

29,5 , 

19,7 

16,7 

10,9 

1 8.2 

15,2 

20,1 

12,9 

2a . . 

42,9 

51,7 

44,0 i 

37,8 

25,2 

0.5 

3.1 


2,6 


3 a 

42,0 

50,7 

48,5 1 

36,2 

36,8 

33.0 

41,1 

27,5 

31,4 

28,3 

3b 

__ 

— 

— ' 


— 


30,5 

22.6 

28,4 

21,5 

5 a 

50,7 

04,-1 

57,0 ! 

40,7 

45,5 

39,0 

31,8 

24,4 

21,1 

J6.6 

6 

8 a und b 

57.9 

i 09,9 

1 00,7 1 

42,8 

46,2 

j 11.0 

40.4 

; 27,2 

; ! 

[ 1 

i 23,8 

Mit Stickstot'f 

73,8 

82,0 

i 74,0 i 

52,6 

, d9,9 

: 32,9 

14,0 

I 7,6 

i 10,8 i 

i 5,4 

Obne „ 

9 a und b 

— 

1 30,0 

1 i 

46,5 

36,8 

‘ 21,0 

1 

1 

‘ 11,0 

! 

' 0,6 

i 1 

1 

1 2:6 

1 

Mit Stick.sloff 

74,2 

, 85.5 

74,2 

43,8 

■' 56,8 

i 58,0 

! 41,7 

I 29,3 

i 36,3 

24,9 

Ohne „ 

— 

1 32,7 

' 30,2 

27,1 

' 20,8 

! -^5,0 

22.2 

! 17,1 

19,1 

13,3 

lOa .... 


. 36,0 
: 45,7 

1 -'I-IA') 

23,9 

! 23,4 

: 22.5 

j 38.9 

j 25 7 

26,6 

27,0 

10 b .... 

37,9 

i 50,4*) 

44,2 

i 49,9 

51,9 

; 37,8 

i 30,3 

28,7 

17,7 

11 a .... 

— 

i -^7,8 

' 35,4 

27,4 

' 23,9 

07 

I 30,3 

i 23,9 

27,1 

26,0 

lib .... 

45,9 

' 58,4 

: 57,1 

13,7 

i 15,7 

1 49,0 

i 45,-1 

' 35.8 1 

44,9 

26,8 


4. Stickstoffhaltige Dungemittel. 

ytickstoffhaltige Dungemittel erhohen die Ertrage; die Zunahme 
hangt von der Menge des zugefuhrten Stickstoffs ab und wird noch ge- 
steigert durch gleichzeitige Diingung mit Mineralsalzen. In Tabelle 32 
sind die Ertrage bei Natronsalpeterdiingung in Doppelzentner je Hektar 
berechnet. 

Tabelle 34 und 36 zeigen, dafi die durch einfache Stickstoffgaben 
(Parzelle 6) hervorgerufenen yteigerungen des Gesaratertragcs wkhrend 
der ersten 30 Jahre bei beiden Getreidearten weitgehend ubereinstiromen, 

0 1889 Rapskuchen wie 10 b. 

«) 1887 StaUmistdUngung, 1888 ungedUngt, 1889 Rapskuchen (0,4« dz Stickztoff), 
1890 bis 1906 Rapskuchen (0,92 dz Stickstott). 
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Dnrchschnittlicher Kornertrag^ bei Woizen in Doppelzeqtner je Hektar. 


Parzdle 

1877 

bis 

1881 1 

j 

1882 

bis 

1886 

1887 

bis 

1891 

1 

1892 1 
bis i 
1896 1 

1897 

bis 

1901 

‘ 1902 
bis 1 
1906 

1907 

bis 

1911 

1912 1 
1 bis 
1916 

i 1917 , 
i bis 1 
1921 I 

; 1 

1922 
, bis 
1926 

1 

1 und 7 

Ul\ 

11,5 

9,6 

1 7.7 

6,7 

7.2 

7,6 

6,3 

6,5 

1 

! 3,1 

4 a 

10.8 1 

1 11,9 

9,6 

1 7,1 

5.8 

5.0 

6.7 

5,5 

, 7,4 

' 3,7 

2 a 

111, 9 

I 18,6 

15,9 

1 5.6 

H»5 

2.1 

0.7 

0,2 

: 0,6 i 

1 0,2 

3 a 

13,4 

I i6,7 

! 16,3 

12,7 

12.7 

11,1 

15.6 

9,1 

12,0 j 

; 8,4 

:Jb 


1 _ 



— 

— 

13.2 

8.2 

10,7 ! 

7,1 

5 a 

17,8 

23,1 

20.0 

18,7 

J9,(J 

15,9 

12 6 

9,6 

, 8.6 : 

4.1 

6 

18,1 

24,2 

22 7 

i 16,2 

17,6 

15,8 

1 1.5 

10,0 

14,2 

7,4 

8 a 

22,0 

2h’4 

25^3 

I 21,7 

20,7 

, 12,7 

4.7 


4,0 


8 b 

— 

1 13,5 

15,i» 

! 17,7 

14,8 

7,6 

3.8 

2.4 

3,6 

! 0.7 

9 a 

21,7 

26,7 

22.6 

16,0 

20,9 

20,6 

1 5,8 

9,8 

14,4 

6,3 

9 b 


11,2 

10,5 

10,7 

7,8 

9,1 

8.2 

, 6.1 

8.0 

1 

10 a 


12,4 

1 12.3 

9.1 

9.4 

8.7 

14^ 

lo.o 

10,7 

' 7,9 

tOb 

12.0 

15 4 

* 17,8 

16,7 

19,1 

18,6 

14,7 

' 12,0 

11,3 

i 5,8 

11 11 

— 

12,8 

13.0 

: 10,9 

9.8 

10.4 

13,1 

8.6 

11,0 

i 6,9 

11 b 

1 1.9 

20.2 

20,5 

16.1 

17,1 

15.4 

15.1 

12 3 

17.1 

! 6,9 


aber spkter, besonders in den Jahren von 1907 bis 1911 und 1917 bis 
1921, waren die Ertriige bei Weizen besser als bei Gerste. In den Jahren 
1909, 1910 nnd 1911 war die Gerstensorte ..Goldtborpe*' angebaut worden. 
die sidi fiir die Verliiiltnisse in Woburn niclit giinstig erwies. 


Tabelle 31 b. 

Das VorhiiltniH Ton Kornortrag zu Dcsainteiirag in Pro/euleii bei Weizen. 

Mittehverfe. 


Parzelle 

Erste Period e 

1877 bis 1891 

1877 ' 1882 ' 1887 
l)i> 1 bis In'. 

1881 , 1886 18!»1 

Zueite Perioile 
1892 bis 1906 

1892 ' 1897 1902 

bis bis bis 

1896 1901 1906 

1907 

bis 

1911 

I.etzte Periode 
1907 bis 1926 

1912 1917 : 

bis bis 1 

191(4 1921 1 

1922 

bis 

1 926 

1 

33 

33 

34 

36 

.46 

31 

38 

3S 

38 

30 

7 

32 

I 35 

33 

39 

.48 

149 

39 

40 

, 11 

30 

4 

31 

, 35 

33 

36 

35 

35 

37 

36 

38 

27 

2») 

31 

3(> 

36 

12 

12 

32 

:>;> 

35 

' 10 

.30 

3a... 

31 

33 

33 

34 

35 

33 

3(4 

33 

39 

31 

3 b 

__ 

_ 

_ 

— 

— 

— 

;4() 

35 

38 

33 

6 . ... 

31 

36 

35 

11 

12 

41 

n 

39 

11 

25 

<> 

30 

35 

, 35 

39 

3V» 

3(4 

:4(i 

3(4 

10 ' 

31 

8 a rail Stickstoff 

30 

35 

1 34 

41 

42 

39 

33 

31 

3(4 

30 

8bohne „ 


37 

: 36 

39 

41 

3,5 

31 

38 

39 

34 

9 a mit Stickstoff 

29 

' 31 

30 

.t(> 

37 

35 

3(4 

32 

to 1 

2(4 

9 b ohiie „ 

— 

, 3 4 

; 34=) 

40 

38 

37 

37 

.4(4 

12 

26 

10a .... 


35 

; 55») 

40 

40 

,38 

37 

38 

40 

29 

lOb .... 

33 

' 34 

35 

39 , 

, 39 

3(4 

.49 

10 

10 

33 

11a .... 



! 

36 

40 

11 

38 

:4(. 

35 

: 40 

27 

11b .... 

32 

1 35 

36 

38 

37 

' 31 

35 

34 

38 

2(4 

1) Die Jahre, in 

welclien Korn- 

uutl Strohmenge iiiclit eiugetrageii 

war. Sind bei 


diesen durchschnitllicben Berecbniiiigen unberucksicbtigi ii^obliebeii. 


*) 1889 Rapskuchen wie lOb. 

®) J887 Stallmistdiingmig, 1888 ungedungt, J889 Kapskiichoii (48 kg Stickstoff), 
1890 bis 1906 Rapskuchen (92 kg Stickstoff). 
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Die Steigernng der Ertr^ge der mit doppelter Stickstoffgabe behan- 
delten Parzelle gegen Tiber der Parzelle ohne Stickstoft* (Parzelle 9) war 
in den Jaliren 1892 bis 1896 nicht so stark wie bei Gerste, sonst war 
sie fur beide Getreidearten gleich. 

Stallmistdiingung erhdhte die Ertrage bei den beiden Getreidearten 
ziemlich gleichmafiig. Ausnahmen machtcn liier die Jalire 1887 bis 1891, 
in welchen Weizen, 1922 bis 1926, in denen Gerste grofiero Ertrags- 
steigerungen brachte. 

Abb. 2b zeigt dann, wie diese erlidhten Ertriige im I^aufe der Zeit 
alJmahlicli wieder sinken: in den Ictzten flinf Jaliren liegen die Werte 
viel dichter zusaminen, als dies in den friiliereu Zeitraumen — selbst bei 
Beriicksichtigiing der verschiedenen Diingungcn - der Fall war. 


Schwefelsaures Ammoniak. 

In den ersten 20 Jahren zeigte sicli schwcdVlsaures Ammoniak in 
demselben Mafie wirksam wie Natronsalpeter, aber dann verschlechterten 
sich die Ertrage: das Nachlassen der Ertrage trat bei ^^'eizen fiiiif Jalire 


Stickstoff- 
dlingung 
Kilogram in 
je Hektar 


0,46 

0,46 

0,92 




Tabelle 

62 





■■ 

Gesamtertrag 


Kornertrag 



Hoppelzentner je 

Die 

Hektar 

Doppelzentner je Hektar 

Parzelle 

ersten 
IT) Jahre 
1877 
bis 
1891 

Die 

Die 

Du' 

Die 

Die 


; zwciten 

ictzteii 

er‘<fen 

zweifen 

l»*tzten 


15 .lab re 

20 .lahre 

15 ,1 all re 

15 Jalire 

20 Jahre 

0 

47,6 

35,;i 

62.8 

15.4 

1 2.2 

11,6 

6 

64.8 

44,:i 

61,6 

21.7 

1 6.5 

11.5 

9 

78.2 

' 56,0 

6:6,8 

2:i.6 

19,1 

11,5 


spater ein als bei Gerste, aber als das Sinken erst eiiimal eingesetzt 
liatte, erfolgte es bei Parzelle 2 (nur schwefelsaures Ammoniak) gleich- 
m^ig scliroif, bei Parzelle 5 (schwefelsaures Ammoniak und Mineralsalz- 
diingungen) dagegen nicht in demselben Ma6e. 

Beim Weizen-Kornertrag sind die Werte sowohJ fiir die absoluten 
Ertrage als auch fiir die Ertragssteigerungen in den ersten Jahren grbUer 
als bei Gerste, werden allerdings in der Folgezeit geringer. Anderer- 
scits hat eine am Schlufi festgestellte Verschlecliterung des Ertrages auf 
den Kornertrag bei Weizen weniger P]inf!u6 als bei Gerste; folglich sinkt 
auch das Verhiiltnis Kornertrag zu Gesamtertrag bei Weizen weit weniger 
als bei Gerste. 

Die zweitc Stickstoffgabe beeinfluBt die Ernte nicht so stark 
wie die erste und dieses Nachlassen der Wirksamkeit macht sich bei 
Weizen im wesentlichen im gleichen MaBe bemerkbar wie bei Gerste 
(Tabelle 32). 
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Tabelle 

jVachwirkungen von JVatronsalpeter nnd schwofelsanrem Ammoniak bei Weizen. 



Ertrage in den Jaliren mil einer Stickstoff- 
diingnng von {^2 kg je Hektar . . . . 

Ertriige in den Jahren ohiie Stickstoff . . 

Ertrage der stiindig ohne Stickstoff gebliebenen 
Parzelle . 

Walirscbemliche Nacbwirkung 


Kornertrag in Doppelzentner je Hektar 
Natron salpeter 

^ i ' 

N I 1882 1883 188-1 ; 1885 - I88H 


I 23.6 ' 28,4 ! 33,1 25,9 

; 7,6 12,3 14,1, 11,8 10,0 

4 ; 9,4 11.3 14.3; 13,9 

'_-I.8 -i- 1,0 0,2|— 2.li— 



Ertnige in den .labren iiiit oiner Sticksloff- 
dimgung von 92 kg je Heklar .... 
Ertrage in d(;n Jahren ohne Stickstoff 
Ertrage der staiidig ohne Stickstoff gebliebenen 
Parzelle . . 

Wahr>cheiiiliche Nachwirkung 


Kornertrag in Doppelzentner je Hektar 
Natronsalpeter 


Parzelle 

1882 

his 

1886 , 

1887 

bl'' 

1891 

1892 

his 

1896 

1897 1 
his ; 
1901 i 

1902 

Ids 

1906 

9 

26,7 

11.2 

22.6 

10.4 

1 6.0 
10.7 

20,8 

7.8 

20.6 

9,1 

4 

11.8 

9.5 

7 0 

5,8 

5,9 


— 0.6 ! 

4- 0,9 

f 3.7 

4 2.1 1 • 

■1- 'V 


Zweite Periode. Halbe Hiingnng. 



Ertrage in den .lahren mil einer Stiekstoff- 
diingung von 46 dz Je Hektar . . . . 

Ertrage in den Jahren ohne Stickstoff 
Ertrage der standig ohne Stickstoff gebliebenen 
Parzelle . 


Kornertrag in Doppelzentner je Hektar 
Natronsalpeter 


Parzelle 

1907 

1)1S 

191 1 

1912 

his 

I9I<) 

1917 

l)is 

1921 

1 922 
his 
1926 

9 

15,8 

9,8 

14,4 , 

6.3 


8.2 

6.4 

H.O 

3,5 

1 

6.7 

5.5 

1 

3,6 


Wahrscbeinliche Nachwirknng | ~\- 1,5 4- 9.9 - 0,6 — 0,1 



Ertrage in den Jahren mit einer Stick.stoff- 
dttngiing von 46 kg je Hektar .... 
Ertrage in den .lahren ohne Stickstoff . . 

Ertrage der stiindig ohne Stickstoff gebliebenen 
Parzelle 

Wabrscheinliche Nachwirknng | 


Kornertrag in Doppelzentner je Hektar 
SchwefeDaures Ammoniak 


Parzelle 

1 

1882 

his 

, 1886 

1887 

bis 

1891 

1892 i 
i)is i 
1896 ; 

1897 ' 
his , 
190! I 

1 

1902 

bis 

1906 

8 

28.4 

1 3.5 

25.3 

15.0 

21.7 

17.7 

20.7 

14,8' 

12.7 

7,6 

1 4 

11,8 

9,6 

7.1 1 

5.8 

5.9 

j 

-f k" 

4" 5, i ; 

i 10.6 1 

T 9,0 

■] 1,7 
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Mdglicherweise vorhandene Nachwirkung von Natronsalpcter. 

Bei Weizen la6t sich gewdhnlich keine solche ausgesprochene Nach- 
wirkung feststellen wie bei Gerste. In manclien Jahren, vor allem in 
den Jahren 1894 und 1902, konnte man eine deutliclie, in den Jahren 1905 
nnd 1908 eine weniger ausgepragte Wirkung beobachten; aber in den 
meisten Jahren bestand nur wenig IJnterschied zwischen Parzelle 9 b, die 
ni^r in dem vorhergehenden, nicht in dem lanfenden Jahr mit Natron- 
salpeter geditngt war, und Parzelle 4, die iiberhaupt keincn Natronsalpcter 
erhalten hatte. Betrachtet man die jedesraal funf Jahre umfassenden 
Zeitraume, so kann man weder in den ersten zwei noch in den letzten 
drei Abschnitten Anzeichen einer Nachwirkung beobachten, in den vier 
dazwischen liegenden Zeitraumen, von 1892 bis 1911, scheint eine Nach- 
wirkung vorhanden zu sein. Ein Vergleich der Tabellen 19 nnd zeigt 
einen deutlichen Unterschied zwischen Weizen und Gerste. 

Eine Erklarung hierfiir kann nicht gegeben werden ; es besteht die 
Mbglichkeit, dafi die Unterschiede nurauf BodenungleichmaUigkeiten beruhen. 

Nachwirkung von schwefelsaurem Ammoniak. 

Eine deutliche Nachwirkung zeigt schwefelsaures Ammoniak. Waiirend 
der ersten 10 Jahre ist die Wirkung bei Weizen nicht so stark wie bei 
Gerste; aber dann nahm die Wirkung pldtzlich zu und zwar geradc zu 
derselbeu Zeit, als ein Nachlassen der Wirkung auf Gerstenparzellen ein- 
setzte. Spater wurde die \^'irkurIg bei Weizen schwiicher, aber das Sinken 
geschah nicht so schrotf wie bei Gerste. Die naclifolgende Tabelle stellt 
die Nachwirkungen von schwefelsaurem Ammoniak dar. wie sie sich aus 
den Ertragssteigerungen gegenuber Parzelle 4 feststellen liehen. 


Gesamtertrag: in Doppclzentnern je Heklar. 



I88‘J 

1887 

1802 

1807 

1 002 


bis 

bis 

bis 

Iti^j 

bis 


18H0 

1801 

1800 

101)1 


Weizeu . ... 

2,:i 

12,;! 

2<>,8 

20,1 

4.0 

Gerste 

10.8 

1.1.0 

5.7 

0 7 

— 7.4 


Mit der zunehmenden ^’ersaueruug des Bodens urn 1889 setzte eine 
SchS-diguug der Gerstenbestande ein und von diesem Zeitpunkt an konnte 
man ein deutliches 8inken der Ertriige bemerkeii. W eizen war gegen 
Versauerung des Bodens weniger erapfindlich mid hielt seine Ertriige noch 
langere Zeit hindurch auf derselben Hohe. Jn den allerersten Jahren der 
Bodenversauerung (1892 bis 1896;, also bevor die endgiiltige zu Starke 
Versiiuerang eingetreten war, konnte man eine deutliche Zunahme der 
Nachwirkungen feststellen. Dieses deutet darauf bin, dafi der niedrigste 
Grad der Versauerung, d. h. der Grad, der dem der schMigenden Ein- 
wirkungen vorausgeht, sicherlich das Wachstum der Plianzen fdrdert. Diese 
Ansicht wird bestiirkt durch das fleckige Aussehen des Getreides, das 
sich im ersten Stadium der Schadigung befindet und einige Pflanzen von 
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ungew5hnlich gutem, andere von fast verkummertem Wachstum zeigt. Um- 
gekehrt kann man die Wachstumszunahme auch damit in Znsaaimenhang 
bringen, da6 eine der zu dieser Zeit in Wobnrn selir oft vorkommendeii 
parasitaren Krankheiten des Weizens „8chwarzbeitiigkeit“ (Ophiobolns 
graminis) durch die \ersaneriing stark beeintrachtigt wird; in einem ge- 
wissen Stadium der Bodenversauerung kann die Weizenpflanze noch wachsen, 
wahrend der Pilz in seiner Entwickhing geliemmt wird. Leider sind keine 
Angaben iiber das damalige Auftreten der Krankheit vorlianden, so daB 
wirdiese Annahme nicht naclipriifen kdnnen. Feriier besteht die Moglichkeit, 
daB die Versauerung des Bodens die Salpeterbildung im Herbst hemmen 
und damit den wahrend des Winters auftretenden Nitrat-Verlust verringern 
kann. Es kann auch scin, daB Ammoniak von der Pflanze wirksamer und 



Abb. 7. 

Steigening des (k*sairitertras:es je KilogT-amm zns^efubrleii Stiekstoffs 
(.Stcigeniiig durcli Stallmihtdungung = lOiM 

schiieller ausgewertet wird als Nitrat; unter nurmalon Bedingungen haben 
sie durch das schnelle Nitriiizieren kaum (Jelegenheit. Ammoniak zu er- 
halten; aber unter diesen auBergewbhnlichen Voraussetzungeu geht die 
Salpeterbildung so langsam vor sich. daB dadurdi den Pflaiizen geniigend 
Moglichkeit zur Amnioniakaufnahnie gegeben ist. Welcher (Irund auch 
imrner vorliegeii mag. jedenfalls hiilt diese Stimulation der Nachwirkung 
nur w'enige Jahre vor. Spiiter wurden die Weizenernten durch die Boden- 
versiiuerung auch vermindert, allerdings nicht so stark wie bei (Jerste. 

5. Stallmist. 

Stalimistdiingung, die jahrlich in einer Menge von ungefiihr 200 dz 
je Hektar gegeben wurde, ergab fur die jeweiligen Mittel aus fiinf Jahren 
im wesentlichen bei Weizen und Gerste die gleiclieu Ergebiiisse: aller- 
dings lieBen sich in einzelnen Jahren IJntersciiiede feststellen. In den 
ersten vier Jahren zeigte Stallmistdungung bei ^^■eize.n kaum einen be- 
sonders giinstigen EinfluB, denn der Kornertrag war zwar urn 2,7 dz hbher 
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als derjenige, der durch eine Volldungung mit 46 kg Stickstolf als Natron- 
salpeter erreicht worden war, aber wahrend der gesamten fiinf Jahre 
war die Steigerung des Gesamtertrages bei Weizen nicht so stark wie bei 
Gerste. In den dann folgenden Zeitraumen stieg die Wirkung des Stall- 
mistes auf ein Maximum, das bestiindig eingehalten wurde. Anzeichen 
einer Ertragsdriickung sind liier nicht voriiandcn. 

Fafit man die durclisclinittlichen Ergebnisse von 15 Jahren zusammen, 
so zeigt es sich, daB der durch Stallmistdiingung erzielte Gesamtertrag 
fur Weizen annaherud der gleiche ist wie fiir Gerste; in den ersten 
15 Jahren ist er etwas hoher, in den zweiteu 15 Jahren etwas niedriger. 



1887 1892 1897 1902 1907 191? W17 1922 

1886 1891 1896 1901 1906 1911 1916 1921 192b 

Kunsthche VoHdungungC iGabe Ndtronsalpe7er)(Parze/le 6) 


» « (DopppIteG^Ndtronsalppter) (ParzpHe 9) 

NurNotronsalpeter(eine 6abe) oboe MmeralsalzeiParzellPd) 

Stallmist Dungung (ParieUe nb) 

Abb. K. 

nur{!hsc‘hnittli(3he StickvStoffaufiiiilniie 
aus den zngefuhrten Dungemitteln bei (ierste. 

Die durch Stallmistdiingung bewirkten Frtragssteigerungen iiber die 
Ertriige der ungedtingten oder nur mit Mineralsalzen gediingten Parzellen 
sind praktisch dieselhen fur Weizen and Gerste bis fast zum Abschlufi 
des Versiiches, als sich die Ertragssteigerungen bei Weizen eher auf der 
gleichen Hohe hielten. Angaben dariiher briugt Tabelle 36. 

Stallmist anterscheidet sich also dadurch von Natronsalpeter and 
schwefelsaurem Ammoniak, bei denen die Ertragssteigerungen im Laufe 
der Zeit geringer werden. 

Abb. 7 zeigt die Verringerung der Ertragssteigerung je Kilogramm 
als schwefelsaures Ammoniak and Natronsalpeter zugefiihrten Stickstoffs 
verglichen mit der (= 100 eingesetztenj Ertragssteigerung durch Stall- 
mistgaben. 
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T a belle ;i-l. 

Die dnrch DUngung mit Stallmist und Natrons^al peter erzielten Ertragf^steigerungeD, 
berechiiet anf etn Tell zngeflihrten Stickstoffs. 



Die erstcii 15 Jahre 
1877 bis 181H 

Gerste j Weizeii 

Die zweiten 1 5 J ahre 
1892 bis 190b 

GerNte ' W’cizeii 

Die letzteii 20 Jahre 
1907 bi.s 192b 

(ler-te 1 Weizen 


Stallniistdiiugmig 

Parzelle 11b 



(lesanitertrag .... I 

17 

i 17 

1 24 1 2.4 


21 

Kornertrag | 

H 

; <> 

1 10 ■ JS 

1 H 

11 


Natron.salpeler 

I'arzelle 6 



Gesamtertrag .... 

7;{ 

, 70 

.*j9 .58 

42 

b5 

Kornertrag . . 

2b 

-"1 

21 22 

18») ■ 

25 


~ 


__ 

15D 

-- 

I Me Wirk.sauikeit des Stickstoffs in der Stallnii'.tdiini 

Liung 


Gesamtertrag .... 


11 

41 : 40 


54 

Kornertrag 

2H 

12 

42 ;ib 

1 9.4 

44 


(Stick.stoff iiu Natroll.^alpeter — lOU) 




Abb. S stellt die prozentiaclie Stickstotfaufnahme aus dem Diinge- 
mittel dar, die bei Stailmistgabeii annalienid konstant bleibt, bei den 
aiideren Dungernitteln dagegen geringer wird. 


'r L b e 1 1 e .15 

Die (lurch Natron sal peter erzielten Steigerungen im Koruertrag^ 
bcrechnet in Doppelzentner je Hektar. 
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Die ersteii 1.5 .lahre. 1 ST / bis 1S91. 



4 b 

Keiiie . . . 

.4 

4,s 

45 10 

s,b 

b4 , 

19 

4b 

Mineralsalze . 

b 

10,9 

102 , 21 

1 . 4.4 

100 

29 

92 

Mineralsalze . 

9 

12.9 

120 

Ib.T 

. 124 

— 



Die zweiten 15 Jabre, 1892 bis 190b. 



4() 

Keine . . . 

.4 

5.0 

TO 1 1 

7,0 

, 

15 

lb 

Mineralsalze 

b 

10.2 

1 »>4 22 

11.2 

i 10b 

24 

92 

Mineralsalze . 

9 

12,9 

205 — 

15,0 

142 

“ 



Die letzten 20 Jabre. 1907 bis 192b 



24 

Keiue . . . 

4 b 

4,9 

bb 17 

l.b 

.44 ' 

7 

4b 

Keine . . 

4 a 

5. 1 

92 12 

2,9 

58 

b 

24 

Mineralsalze . 

b 

5,7 

9S 25 

1,0 

bo 

18 

4b 

Mineralsalze 

0 

JTj 

, loo — 

b,7 

99 

15‘) 


I’arzelle b, aber rait halber Diingnug. 

*) Parzelle b, aber dieselbe DUnguug wie vorliergelieiid auf Tarzelle b. 

») Was Parzelle 3 betrifft, so sind bier die Sieigeniiigen bezogen auf das Mittel 
der Ertrilge der Parzellen 1 und 7 und bei deu Parzellen b und auf die Parzelle 1 
nur Mineralsalze). 

*) Halbe DiingHiig = kg Stickstoff. 
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Tab ell e 36. 

Dnrch Natronsalpeter hervorgrerufen© Sleigeningreii im Gesamtertragr 
und Kornertragr bei Weizen. 


Ol 

% 

N 

ce 
Ps 

Die 

46 Keine .... 3 

96 (Rothamsted) . . 10 

46 Mineralsalze . . 6 

48 (Hothamsted) . . 9 

92 Mineralsalze . . 9 

96 (Kothariisted) . . 16 

124 Stalhnistdiingiing 11 

Die zweiten 15 Jahre, 1 892 bis 1906. 

46 Keine .... 3 35,.’! j 16,0 ' 12.2 5,0 

96 (Hothamsted). . 10 3.3,1 j 12,4 13.0 4,2 

46 Mineralsalze . , 6 44,3 1 26.6 , 1().5 10.2 

48 (Hothamsted). . 9 51.7 ■ 26,1 , 19.3 8.6 

92 Mineralsalze . . 9 5.3.0 ' 35,3 , 19,1 12.'.^ 

96 (Hothamsted). . 16 66,2 40,6 : 23.5 12..s 

124 Stailmistdiingung — — — — 

Die letzten 20 Jahre. 1907 hi." 1026 
23 Keine .... 3 H 

46 Mineralsalze . . 3 A 

23 Mineralsalze . . 6 

46 Mineralsalze . . 9 A 

124 Stallmistdiingung — 

liei Fortluhrung der Versucbe niit der lliilfte Stallmi.stduiigung kam 
man zu interessanten Ergebnissen: Wahrend der ersteu fiinf dahre war 
dieseDungungje Einlieit zugefiihrten Stickstoffs niclit aniialieriid so wirksarn 
wie die doppelte Dilngung (dieses Krgebnis stiininte niebt niit dem bei 
Natronsalpeter und schwefelsaurein Aninioniak iibereiui, aber in den 
naclisten fiinf daliren zeigte sich eiiie gleichmiiliige W'irkung. Innerlialb 
der ersten fiinf Jahre erwies sich keine der Stallmistduiigiingen bei Weizen 

1) (legen liber den Parzellen 1 und 7 sowie 4, 

‘^) Schwefelsaures Ammoniak. 

M Nac'h den er.sten fiinf Jahren (d. h. uacli 188.3; iasseu sich die dupjjelten DUng’uniren 
nicht genan mit den einfachen vergleicben, weil sn- auf der halbeii I'arzelle zur Anwendung 
kamen, die im Vorjahre keinen Stickstoff orhalten batte; die einfachen Ddngungen hin- 
gegen folgten auf einfache des Vorjahres. \uf diese Wei.se konnte man bei einfai-hen 
Diingungen „Nachwirkungen‘* feststellen, bei den doppelten aber nicht. 

Die Werte fiir die letzten 20 Jahre, 1906 his 1927, kiinnen nicht streng mit den 
Mheren verglichen werden, teils ans dem Grunde, weil der Zeitpunkt der DUiigung ver- 
legt worden war, teils aber auch deshalb, weil ein Wechsel in der Di'mgnng selbst ein- 
getreten war: [)ie Werte je Kilogramin Stickstoff hiingen von der Menge des zugefiihrten 
Diingemittels ab und brauchen fiir 22 kg Dungeniittel nicht iinbedingt die gleichen wie 
fiir 44 kg zu seiu. 
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so wirksam wie bei Gerste; aber in dem zweiten Zeitraum waren die 
Ergebnisse des Gesamtertrages bei den beiden Getreidearten die gleichen, 
nnr konnte man bei Gerste hdhere Kornertrage feststeJlen. Die Ergebnisse 
sind in Tabelle 35 aufgezeichnet. 


Tabelle 'M. 

Ertragssteigornngcn je Einh-eit zugefUhrten Stlckstoffs 
alH einfache nnd doppelto Stallmint- and Natronsalpetorgaben* 


Zugefiihrter 

8tickstoff 

kg: 


Die ersten 5 Jahre 
1877 bis 1881 

Weizen j Gerste 

1 

Die zweilen 5 Jahre 
1882 his 1880 

Weizen 

Gerste 


Stallmistdiingung Parzelle IJ b 



55 1 

Gesanitertrag 

5 13 

19 1 

19 


Kornertrag 

2 5 


10 


Stallmistdungung I’arzelJe 1 1 b 



110 

Gesanitertrag . . ... 

9 U 

20 

22 


Kornertrag 

3 i 7 

1 ^ ' 

10 


Natrousalpeter Parzelle 0 



40 

Gesanitertrag . .... 

.50 02 

1 

89 


Kornertrag 

10 24 


30 


Nachwirkungen bei Stallmistdiingung. 

Die Diingiiug der Weizenparzellen erfolgte in dersolben VVeise wie 
bei Gerste. Parzelle 10 und 11 warden beide 1882 geteilt. Die eine 
Hiilfte (B) erhielt die gleiche Diingung wie vorher, die andere Halfte (Aj 
blieb angedungt. Es war bereits festgestellt worden, daC in den fanf 
Jahren von 1877 bis 1881 die mittleren Gesamtertrage bei Weizen and 
Gerste ubereiiistimmteii : Unterscliiede traten erst nacli dem Fortlassen 
der Diingang aaf. Die Ergebnisse findet man in Tabelle 38. 


Tabelle 38. 

(losamtertrilge der Weizen- und Gerstenparzcllen, die 5 Jahre hintereinander 
mlt Stallmist gedUngt n^aren, spUter aber keine DUngmig: mehr erhielten. 


Weizen 

Gerste 


Weizen 

Gerste 


Jiihrlicbe 
Diingung 
1877 bis 1881 
Mittel aus 
5 Jahren 


Anschliefiend ohne Diingiing 1882 bis 188H 
Unterscbied zwis(*ben den Tarzelleii A uud B 


1882 • 1883 1 1884 ' 

1885 

1880 

100 Doppelzentner je Hektar. 

7.2 , 13.2 7,5 

13.4 

, 4,0 

5.7 ; 10,0 , 0,8 ; 

0,0 

9,7 

200 Doppelzentner je Hektar 

17,3 ! 27,8 1 23.0 

20. 1 

1 14,0 

0,5 1 18,9 J 17.0 j 

2,0 

1 4,0 


30,6 

30,8 


45,9 

40,7 


Der dnrch den Fortfall der IStallmistdiingang aaf Parzelle A hervor- 
gerafene Ertragsanterschied war bei Weizen grofier als bei Gerste, ein Beweis 
dafur, dafi sich die Nachwirkungen der im Jahr vorher darchgetahrten 
Stallmistdiingung bei Gerste mehr bemerkbar machten als bei Weizen 







Die ersten 5 .lahre J877 bis 1881 

Stall mistdiingiing 62 kg Stickstoff . lOb .‘16,6 1.6 12,0 1,2 5 ! 2 

Stallinistdiingnng 124 kg Stick.stoff lib 15,0 lO.O 14,0 4,1 0 ;i 

Natronsalpeter Mineralsalze • 

46 kg Stickstoff 6 .57.0 22,0 18,1 7.;i .'>n 16 

I>ie zweiten 5 .labre 1882 bis 1886 

Stallnilstdiingung 62 kg Stickstoff . 10b 15,7 12, n 1.5.1 .‘i.6 10 ! 6 

Stallmistdiingung 124 kg Stickstoff lib 58.1 21,7 20.2 8,3 20 j 7 

Natronsalpeter *1- Mineralsalze I 

46 kg Stickstoff 6 60,0 36,2 21,2 12 3 70 ! 27 

1800 bis 1800 

Stallniisfdiingung 124 kg Stickstoff 11b 10.7 28.0 17,7 10,2 23 j K 

Kapskueben 02 kg Stickstoff ... I Ob 57,5 20.0 10,1 11.6 .32 ' 12 

Natronsalpeter Mineralsalze 

46 kg Stickstoff 6 5i,4 20,7 18,8 11.2 65 24 

1000 bis 1006 

Stallmistdiingung 124 kg Stick.stoff lib 4t>.0 30,1 16.<; 10,0 21 j 0 

Kapskueben 92 kg Stickstoff . . . 10b 47,0 .32.1 17.7 12,1 35 ' 13 

Natronsalpeter -f* Mineralsalze ; 

46 kg Stickstoff 6 41,2 25.3 1.5,6 0,0 55 ! 22 

Es liegt kein Grand vor, diesen Unterschied dcu Pflanzen zuschreiben 
zn wollen. Die Art, wie die Diingung aiif beiden Parzelleiireilien vor- 
genommen wurde, zeigte groI5e Abweidmngcu, die man fiir das Krgebnis 
verantwortlich machen diirfte. Bei Gerste wurde die Diingung kurz vor 
der Aussaat untergepfliigt, bei Weizen dagegen kain sie, abgeseben von 
den beiden ersten Jahren, iminer als Kopfdiingung zur Anwendung. Dies 
beeinflubte den Ertrag niclit, so lange die Dungung jiilirlicli zur Anwendung 
kara. Man kann annehraen, dafi nach dem Fortlassen der Diingegaben 
das init dem Boden vermischte Diingematerial stiirkere Nacliwirkungen 
besitzt als die oberflachliche und nor dann und wann in den Boden ein- 
gezogene Dungung. 

Die Nachwirkungen lassen sich bereclinen durch einen Vergleich 
der Gesamtertrilge der Parzellen 10 a und 11 a mit denjenigen der un- 
gedungten Parzellen. Tabelle 40 bringt diese Zahlen. 

In den Jahren mit Stallmistdungnng konnte man bei Weizen- und 
Gerstenparzellen fast diesel ben Ertragssteigerungen gegeniiber den nnge- 
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diingten Parzellen feststelleD. Jn beiden Fallen erzielte die gesamte 
Diingergabe mehr als das Doppelte der bei balber Diingung festgestellten 
Ertragssteigerung, ein Beweis, dali stiirkere Diingungen je Eiiiheit zuge- 
fuhrten Stickstoflfs wirksamer sind als die schwachen. Auch konnte man 
weder in dem ersten Zeitraum nocli in irgend einem anderen einen groBen 
Unterschied zwischen den Ertragen der ungediingten Weizen- und Gersten- 
parzellen feststellen. Nach dem Fortlassen der Diingung ergaben die so 
lange filr Weizen und Gerste gleicli starken Nachwirknngen hinsicbtlicb 
der Menge sehr grolJe Unterschiede. Die Ertrage fielen nicht bis zn dem 
Stand der nngedungten Parzellen, sondern blieben wiilirend der nachsten 
25 riahre holier; dann wurde dcr Versucli leider abgebrochen. ^lit ciner 

'J’abellc 40. 

Steigernng der Oesanitertrilf^re auf deii Parzellen, die nach anfUn^-lichen Stallmist- 
gaben spUtor ungcdlingt geblieben sind (Parzplle 10a und 11a) gegeniiber den 
stllndig nngedtlngt gcnesenen Parzellen 1 und 7, 




.lalir 

Keiue weireren Dungegaben 



Sf alliiiist- 

1882 

18K7 

1892 

1897 i 1902 



dinmnng 

bi«! 

]n< 

bis 

bis ! bis 

Cm 


1877 l)H 1881 

]8H<; 

1801 

; 18!U; ; 

1901 ! 1906 


\Veizcn-( iesaiiitertrag 


10 a 

100 (iz ba ... ... 

5.7 

2.6 

5.2 

.5,5 5,4 

.5,0 

11 a 

200 (Iz ha . . . . 

1 5.6 

.5.8 

6.1 

7.0 5,9 

7,8 


Verhaltni.s ... 

2.4 

1.5 

1,2 

2.0 1.1 

2,6 


Ertrag, Parzelle 1 und 7 . . 

52,2 

.54.0 

29..5 

20.1 18 0 

19,5 


( 1 ersl e-( i esani t ert rag 


10 a 

lOO dz/ha 

5, .5 

8,5 

8,2 

6.4 

4,9 

6,2 

11 a 

200 dz ha .... . . 

1.5,1 

11,6 

17,6 

16.4 

12.2 

13,1 


Verhaltiiis ... ... 

2.8 

1,8 

i 2.1 

2.6 

i 

1 2,0 


Ertrag, Parzelle 1 und 7 . . 

.51,4 

.54, 1 

: 24,5 

20,5 

' 15,8 

! 16,9 


Diingung von 200 dz erreicht man eiue stiirkere Nacliwirkung als mit 
100 dz, wiihrend der ganzeii Versuchsdauer betriigt sie annahernd das 
Doppelte; bci Gerste ist das Yerhilltnis 2,2, bei Weizen 1,7. IMan kann 
nicht ohne weiteres glauben, dab fiinf jalirliclie Dungungen mit Stallmist, 
der jedesmal nur in einer Menge von 100 bzw. 200 dz Je Hektar gegeben 
wird, eine so tiefe Wirkung auf den Boden liaben kaun. Und doch sind 
die Ergebnisse ganz gleiclimaBig. Es bestelit die Mogliclikeit einer Zu- 
nalime der Bodenfriichtbarkeit, ein Faktor, der nicht nachgepriift werden 
kann, dem aber, falls er tatsachlich bestanden hat, die Ergebnisse zuge- 
schrieben werden konnten. Diese Art der Unsicherheit ist entbalten in 
den alten Methoden des Feldversuchs, sie tritt aber bei den ueuen in 
Rotharasted verwendeteu Methoden nicht mehr in Erscheinung. 

Dennoch besteht die Mogliclikeit, dafi Stallmistdiingnng eine gewisse 
Dauorwirkung auf den Boden ansubt, Ein ahnlicher Versuch in Rothamsted 
brachte ahnliche Ergebnisse. Gerste, die seit 1872 ununterbrochen auf 
dem von da ab ungediingten, aber vor dieser Zeit, von 1852 bis 1871, 
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jahrlich mit Stallmist behandelten Hoosfield angebant war, ergab noch 
Ernten rait weit hdheren ErtrilgeD als auf den angrenzenden ungedungten 
Parzellen. Diese Parzellen ahneln zwar hinsichtlich der Behandlung sehr 
dem Hoosfield, unterscheiden sich aber von diesem dadurch, dafi sie auch 
in denselben 20 Jahren (1852 bis 1871) keine Diingang erhalten haben. 
Diese Danerwirkungen des Stallmistes bei Einfelderwirtschaft miissen noch 
weiter erforscht werden. 

Der Versuch gibt keinen AufschluB dariiber, welcher Art die Faktoren 
sind, die diese Danerwirkungen des Stallmistes hervorriifen. Bei den Boden- 
veranderungen mag der Einflufi der organisclien Substanz eine wichtige 
Rolle spielen. Ein gewisser Anteil kann auch den in der Stallmistdungung 
vorhandenen Mineralstoffen zugeschrieben werden: Die der Parzelle 10 
zugefuhrten 500 dz Stallmist je Hektar wurden 8 bis 4 dz KjO enthalten, 
was ungefiihr 6 bis 8 dz Kaliumchlorid oder Kalisulfat je Hektar ent- 
sprechen wiirde. Fiir das Bestehen dieser Mdglichkeit spricht ferner die 
Tatsache, dafi die Gerstenertrage anf Parzelle 10 a in den ersten sechs 
Oder sieben Jahren ohne Diingung wahrend der iibrigen Versuchszeit 
mit den Ertragen der Parzelle 4 (nnr Mineralsalze) annahernd iiberein- 
stimmen. Hingegen bleibt die Weizenernte auf Parzelle 10 a noch weit 
hdher als die Ergebuisse der Parzelle 4. Die Steigerung der ErtrS-ge 
gegenuber denjenigen der Parzelle 4 ist aus Tabelle 41 ersichtlich. 

Pflichten wir der Ansicht bei, dafi die Ergebuisse tatsiichlich Xach- 
wirkungen darstellen, so kommeu wir damit auf ein scliwieriges Problem 
der Stickstoffzufuhr. 

Die Aufstellung der Stickstofibilanz macht dies sehr deutlich. 



Parzelle 10a 
Kilo^^rainm 
je Hektar 

Parzelle 11a 
Kilogramm 
je Hektar 

Der gesamte mit der Stallmistdungnng in 5 Jahren (1H77 bis 
1881) zugefuhrte Stickstoff 


:m:6 


! 

j 010,0 

Von den Pflanzen entnommener Stickstoff, Steigerung gegen- 
iiher der nngediingten Parzelle: 

Direkte Wirkung in 5 Jahren (1877 his 1881) . . . 

25,8 ' - 

89,7 ' 

i ... 

1 

Nachwirkung in 25 Jahren (1882 bis 1900) . . . 

224.2 

' 250,0 

470,8 

500.5 

Differenz unbekannter Ursache in Kilogramm 

Differenz unbekannter Ursache in Prozenteii 
Zurftckgewonnencr Stickstoff in Prozenten 


58, 

19 

81 


56,0 

9 

91 


6. Rapskuchen. 

Gegenuber dem Stickstoff im Stallmist ergibt der in Rapskuchen 
enthaltene Stickstoff sowohl hfiheren Gesamt- als auch Kornertrag; er 
zeigt sich auf Weizenparzelleo wirksaraer als bei Gerste (Tabelle 14 
nnd 42j. Dieser Unterschied braucht nicht nnbedingt mit den Pflanzen 
in Znsammenhang zu stehen; es ist eher anzunehmen, dafi er sich damit 
erklaren Ulit, dafi Weizen bereits im Januar gediingt wird, wkhrend die 
Gerstenparzellen ihre Diingergaben erst im MUrz oder April erhalten. 
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T ab e 11 e 41. 

Die Steigening der Gesamtertrllge in Boppelzentnorn je Hektar auf den Parzollen, 
die nach anfftnglicher Stalimistgabe spdter nngcdttngt geblieben sind 
(Parzelle 10 a and 11a) gegenllber Parzelle 4, die nur Mineralsalzdlingnng erhielt. 





1 Keiiie weiteren Diingegaben 



1882 

bis 

1886 

1887 

hi« 

1891 

: 1 

! 1892 1 
bis 1 
1896 1 

1897 

bis 

1901 

i 

1902 

bis 

1906 

10a 

100 dz 

Weizen 

1.6 

2,9 

5.0 

4.2 

6,7 j 

5,5 

11 a 

200 dz 

10,9 

4.1 

.5 8 

7.8 

7;-i 

10,3 


Verlikltnis 

6,9 


1.2 

1,8 

1,0 

1,8 


Ertrag Parzelle 4 

35,0 

33.7 

29.5 

19.7 

16.7 

16,9 

loa 

100 dz 

Gerste 

7,9 

10,7 

5.2 

2.1 


i^,7 

II a 

200 dz 

17,8 

17,0 

14.6 

12.1 : 

7,0 ; 

9,5 


Verhaltnis 

Ertrag Parzelle 4 .... 

2,3 

28,9 

1.6 

32.0 

2.W 

27.4 

21.7 ; 

21.0 1 

20,4 


Wie der Stickstoft' des Stull mistes, so behiilt aucli derjenige des Raps- 
kiicliens seine Wirkung waiirend der zweiten 20 .lalire in der gleiclien 
Hdhe wie in den ersten 20 Jahreii; eine Abschwiichung der Wirkung, 
die bei deni in Natronsalpeter vorliandenen Stickstoil’ besteht, liifit sich 
bier niclit feststellen. Die Krtragssteigerungen jo Kilogranim zugefuhrten 


T a 1) e 1 1 e 42. 


Dio Wirkung organischcr Dtingenilttel, Stallniist mid Kapsknchen, 
auf Weizenparzellen, 


Erl rag 


Steigerung gegeii- 
iiber der Parzelle 
ohne Stickstoff 


Steigerung je Kilo- 
gramm zugefuhrten 
Stick stuffs 



Stallinistdiingung. 

t)2 kg Stickstoff 
Rapskttchen, 

23 kg Stickstoff 
Natronsalpeter, 

23 kg Stickstoff 
Mineralsalze 


StallmistdUngun g, 
02 kg Stickstoff 
Kapskuchen, 

23 kg Stickstoff 
Natronsalpeter, 

23 kg Stickstoff 
Mineralsalze 


und 


und 


Gesamtertrag in Doppelzentner je Hektar. 


111) 

45,4 35,8 

11,9 

26,8 

27,2'20.6 

25,0 

13,9 

10 b 

I 

37,8|30,3 

28,7 

17,7 

19,611.5,1 

8,8 

4.8 

6 

1 

40,4127,2 

34,9 

23,8 

22,1 12,0 

15,0 

10,9 

Kuril 

(Ttrag in 

! 

Dopp 

elzen 

tner je Hektar. 


lib 

15,412,3 ' 

'17,0 

1 

6,9 

8,7 j 6,8 

9,6 

3.2 

10b 

1 1,7 12,0 

11,2 

1 5,8 

1 

8,0 ; 6,5 

1 3,8 

2.1 

6 

14,4,10,0 

14,2 

1 

: 7,4 

7,8 ! 4,5 

6,7 

; -^>7 


44,0,33,0 

S5,0 


40,0 


22,0 


38,0 I 21,0 
03.()'52,0 ior>,0 I 48,0 


14,0jll,0 116,0 5,0 

35,0'28,0 Il6,0 ! 0,0 


34,0120,0 29,0 I 16,0 


Landw. Jh. Bd. 84 Heft 2 
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Stickstoffs gegenuber den Ertragen der Parzelle 4 (Mineralsalze ohne 
Stickstoff) betragen in Kilogramm ^): 


— 



Gesatntertrag 

Korneitrag 


Der je Hektar 


s 

S 

& 

s 

etzterZeitraum 
20 Jahre 

907 bis 1926 


zugefuhrte 
Stickstoff 
in Kilogrannii 

.2iJi 

§ 0,1 

o) ao 3: 

£ §B 

5 Q 

M 0) ^ 

"3j 

<v^ 

.ti 1- 

0 ) cr. 

tg. x> 

etzterZeitrau 
20 Jahre 
907 bis 1928 

rster Zeitrau 
8 Jahre 
889 his 189f 

weiter/eitran 
10 Jahre 
897 bis 190^ 





N3 ^ 



N 

^ 

Rapsknchen, Parzelle 10 b . . 

91,8 

2H.0 

27 

87 

52 

12 

18 

9 

22 

IStallmistdiingung, Parzelle 1 1 b 

I2;i.2 

91.8 

21 

25 

85 

8 

11 

Natronsalpeter -f Mineralsalze, 





85 

24 

24 


Parzelle 8 

Die Wiikmig des im Raps- 

45,9 

28,0 

82 

81 

25 




kuclien enthalteiieu Stick- 









stoft's (der in Natronsalpeter 
enthaltene Stickstoff = 100) 



11 

81 

80 

50 

54 

88 

Entsprechende Wirkung bei 









Gerste (bier fiiidet die Raps- 
kuchen»lungung spater statt) 

- i 

- 

88 

88 

- 

50 

80 


Nach 1906 wurde die Rapsknchendiin 


auf 

1 ilirer friiheren 


Menge reduziert: .le Hektar 25,8 kg Stickstoil* anstatt kg. Darauf 
erfolgte sofort ein Absinken der Ertragc, das in keiuer Weise der Ver- 
minderung der Diingung entsprach. Von da an erzielte man niit den 
abgeschwachten Diingungen zwar je Kilogramm zugefiihrten Stickstoffs 
eine Ertragssteigerung; aber aus dieser Tatsache lassen sicli keine weiteren 
Scliliisse ziebcn, weil ein unbekannter Teil der Wirkung den sicli aus der 
Diingung ergebenden Restbestiinden inogliclierweise zugeschrieben werden 
mufi. In jedem folgenden, fiinf Jahre ninfassenden Zeitrauin licO die 
Wirksamkeit des Stickstoffs nach and erreiehte scliliefilich die Wirkung 


Augaben Uber die Duiigung vor und nach der Reduzierung der (iaben; 

Ertragsstcigorungen Je Kilogramm zugefOhrten StiokstolTs. 



10 Jahre 
1890 bis 
1899 

7 Jahre 
1900 bis 
1908 

' 

5 Jahre 
19(>7 bis 
1911 

5 Julire 
1912 bis 
1918 

5 , lab re 
1917 bis 
1921 

5 .i.dire 
1922 bis 
1928 

Rapsknchen 


Gesaratert 

,rag. 




92 kg Stickstoff . . 

82 

35 

— 

__ 





23 kg Stickstoff . . 
Stallmistdiingung 

— 


85 

88 

;t7 

21 

124 kg Stickstoff . . 

28 

24 

— 

j 

, 



62 kg Stickstoff . . 

1 

Kornertr 

44 

88 i 

40 i 

22 

Rapskuchen 







92 kg Stickstoff . . 

12 

18 



— 





28 kg Stickstoff . . 

— 

— 

85 

28 

16 j 

9 

StallmistdUngang 






124 kg Stickstoff . . 

8 

9 





— 



82 kg Stickstoff . . 

— 

— 

14 

11 

15 j 

5 


»} Ausgenommen 1889, in dein Jahre wurde nur 48 kg gegeben. 
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des in Stallmistdiingung vorhandenen Stickstoffs; die Wirknng blieb bei 
Weizen immer noch weit hbher als bei Gerste. Aus irgend einem bis 
jetzt noch nnerkliirten Grunde wurde der Boden der mit Kapskuchen ge- 
diingten Parzeilen sehr saner, eine Tatsache, die sich natnrgeniafi bei 
Gerste niehr bemerkbar inaclite als bei Weizen. 


7. Das Verhaltnis von Kornertrag zu Gesamtertrag. 

Beim Weizen ist die ^Irennung des l^flanzenniatoriaJs in Korn nnd 
Stroll niclit so genau durchgefuhrt worden wie bei Gerste: bei W^eizen 
gelioreu zwischen ‘6b nnd 40% der gesamten Pflanzensnbstanz znm Korn, 
bei Gerste dagegen ungefalir 45% iTabelle 41). FoJglich liegen bei don 
\ersnclien in Woburn die Kornertriige bei Weizen niedriger als bei Gerste. 

Wie bei Gerste wird anch bier das Verhaltnis you Kornertrag zu 
Gesamtertrag durch die Diingung iiiciit wesentlich beeinfluBt. Es ist am 
hoclisten bei den ungediingten Parzeilen, bei denjenigen, die mit schwefel- 
saurcm Amnioniak (ausgenominen in stiirksten Doseri) nnd Kapskuchen 
gediingt worden sind, sowie bei der E^arzelle ohne Kaligaben GOb). Die 
Versiluerung der mil scliwefelsaurem Amnioniak nnd Kapskuchen gediingten 
Parzeilen sowie der Kaliinangel der Parzelle 10a scheint sich auf den 
Strohertrag nachteiliger auszuwirken als auf den Kornertrag. Das Ver- 
liiiltiiis nininit ah, wenn die Parzeilen mit Stallmist, uur mit Mineral- 
salzeii, mit i\atronsal])eter and mit sehr hohen Gabon von scliwefelsaurem 
Amnioniak gediingt werdeii. Bis auf den letzten, fiiiif Jahre uinfassenden 
Zeitraum, in deni bei alien Parzeilen - - mit Ausnahme einer eiiizigen - 
eine betrachtliche Ertragsdruckung einsetzte, konnte man in deni Ver- 
haltnis Kornertrag zu (gesamtertrag keirie Neigung zum gleichmaBigen 
Abfallen beobachteii. Auf Parzelle II a (Stickstoft uiid Kali, aber keinc 
Phospliorsiiure) machte sicli das Absinken am deutJichsten bemerkbar; 
dicse Kombination hielt den Strohertrag nichr auf derselben Hohe als den 
Kornertrag. 


Tabelle 

Das YerhUltnis Kornortrag/Strohertrag iind das Yorlidltnis Kornortrag/lOO Toile 
(fcsanitertrag auf Weizeoparzellon (Broadbalk). 



Kornertrag 

Parzelle 3 
rngedungt 

zu 100 Teilen (Jesainlertrag 

IWleaB ,.„,elle7 

'.lim^uTig VoUdungung 

8 Jahre (184-1 his 1851) . . . . 

38,8 

38.2 

37,7 

10 Jahre (1852 bis 1801) . . . . 

30,9 

30,1 

31,0 

10 Jahre (1802 Ms 1871) .... 

41,0 

38,5 

37,4 

10 Jahre (1872 bis 1881) . . . . 

40,2 

30.8 

34,8 

10 Jahre (1882 bis 1891) .... 

44.8 

37.9 

30,5 

10 Jahre (1892 bis 1901) .... 

43,8 

37.0 

37,1 

10 Jahre (1902 bis 1911) . . . . 

40,1 

33,8 

34,0 

10 Jahre (1912 bis 1921) .... 

40,0 

33,9 

35,2 

10 Jahre (1922 bis 1931) .... 

36,1 

1 28.0 

i 29,4 

1932 

31,8 

15,2 

! 20,9 


15 “* 
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In Woburn ist das Verhaltnis von Kornertrag zu Gesamtertrag dem- 
jenigen fthnlich, das man auf dem Broadbalk-Acker in Kothamsted bei 
Weizen feststellen konnte (Tabelle 43). Bei den ungediingten Pflanzen in 
Rothanisted ist das Verhaltnis holier als in Woburn; aber der IJnterschied 
machte sich hauptsachlich in den Jahren 18H2 bis 19bl bemerkbar, in 
welchen das Verhaltnis in Kothamsted auch besonders hoch war. Bei den 
Pflanzen, die Stallmistdiinguiig und kunstliche Volldungung erhielten, sind 
die Werte auf beiden Stationen annahernd gleich, aber sie liegen an beiden 
Orten niedriger als bei ungediingten Parzellen. 

Sowohl in Kothamsted als auch in Woburn hielt sich das Verhilltiiis 
walirend einer gaiizen Keihe von dahren anf derselben Hbhe; nach einem 
bestimmten Zeitpunkt aber setzte das Abfallen ein. Bei Gerste begann 
das A-bsinken friiher als bei Weizen. 

8. Jahrliche Ertragsschwankungen bei Weizen. 

Die jahrlichen Ertragsschwankungen sind durch die Mctliodeu von 
K. A. P' i s h e r analysiert und die einzelnen Pb'gebnisse sind von 
W. G. Cochran bes[)rochen worden.M 

Die geringste Schwankung (..variance’^ liegt ungefilhr bei 9®/^ und 
wurde auf Parzelle 9 (Kunstliche \'olldunguugen init 92 kg je Hektar Stick- 
stoff als Natronsalpeter) festgestellt: hiernacli komint Parzelle 11 b (Stall- 
mistdiingung): dann folgt Parzelle 6 (kiinstliciie \'ulldiingung mit 4G kg je 
Hektar Stickstoff als Natronsalpeter), bei welcher dn* Schwankung auf 
annahernd 13®/o stieg. Auf all(‘n diesen Parzellen ist die Schwankung 
hauptsachlich auf riahresursachen, wie auf das Wetter zuruckzufuhren, 
weniger auf langsame Veranderuugen und am wenigsten auf Bodenver- 
schlechterung, die bei Parzelle 1 1 b (Stallinist) kaum in Frage koinmt. 

P]iue grdflere Schwankung, die ungefahr20\ betriigt (18 bis 23%) 
kann man bei den ungediingten Parzellen und denjenigen ohne Volldungung 
feststellen, z. B. bei der niir mit Stickstolf (Parzelle 3i Oder nur mit Mineral- 
salzen (Parzelle 4) gediingten Parzelle oder bei den Parzellen, die kunst- 
liche Volldungung, aber den Stickstoff als schwefelsaures Ammoniak er- 
halten haben (Parzelle n). Verschiedene llrsachen rufen eine Zunahme 
der Schwankungen hervor: Bei den Parzellen ohne Stickstoff und den- 
jenigen mit starkeren Gabon von schwefelsaurem Ammoniak ist zu einem 
hohen MaBe bis zu o0®/^, — die Bodenverschlechterung verantwortlich zu 
machen; dagegen ist kein Anzeichen fur langsame Anderungen vorhanden. 

Die groBte Schwankung, 50 zeigt sich auf der nur mit schwefel- 
saurem Ammoniak gediingten Parzelle; Jahresursachen bilden die Hklfte 
der hierfur verantwortlichen Faktoren, wiihrend die Bodenverschlechterung 
den Hauptanteil der zweiten Halfte darstellt. 

Jn alien Fallen ist in Woburn die jahrliche Schwankung grdfler als 
auf dem Broadbalk-Feld in Kothamsted. Der Hauptunterschied liegt in 
dem EMuB der Jahresursachen, der in Woburn eine weit wichtigere Kolle 

0 SOJahre Feldversuche der Versuchsstation Woburn. Von E. John Russell und 
J. A. V 0 e 1 c k e r, Mit einem statistischen Bericht von W. G. Cochran. 
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spielt als in Rotharasted. In Woburn niacht sich aucli bei einzelnen Par- 
zellen, wie bei denen ohne Stickstoffdiingung (ungedungt Oder nur Mineral- 
salzdungung) und teilweise auch bei der nur mit schwefelsaurem Ammoniak 
gediingten Parzelle eine Bodenversclilechterung deutlicher bemerkbar als 
in Rothamsted, eine Tatsache, die sowohl durcli direkte Feststellung der 
Ertrilge in Doppelzentnern je Hektar als auch diirch das Berechnen der 
prozentischeii Werte bewiesen ist. 

Die Werte betragen: 



1 Kothamste«l | 

Woburn 1S77 bis 

1900 


I lurch- 

! 


Burch- 




schrntt- 

IiiirchschnittlicliP 

.schnitt- 

1 Durchschnittliche 


liclier 

jahrliche Ahnahnie 

licher 

; jahrliche Abnahine 


Ertrai^ 



Ertrag 

in 




in 

in 


1 



Doppel- 

I )oj)pel- 

in 

I)oi»pel- 

i Doppel- 

in 


/.entnern 

'/.entnern 

Prozenten 

zentneni 

' zentneni 

Prozenteii 


je Ile.ktar 

je Hektar 


je Hektar 

, je Hektar 

Pngediingt .... 

H,25 

0,0U5 

t>,79 

9.00 

, 0,25 1 , 

2,58 

Nur AlineralMilze* . . . 

Mineralsalze 

0,54 

0,000 

0.05 

8.00 

i 0.295 ‘ 

5,59 

-F 1 Teil Stickstoff . . 
MineraLsalze 

15,19 

0 095 

0.(i2 

1 9,52 

' 0 278 

1,41 

-f ‘J Teile Stickstoff . 
Mineralsalze 

21.10 

o.( 

0.10 

21.77 

0 255 

1,10 

-f-3 Teile Stiekstoff . 

2-1,00 

0.002 

0.2t) 

— 

— 


Stalbnistdiintriinc’ . . - 

25.25 

0 021 

0.09 

1 7 58 

0 000 

0.00 


Wcizeii zeigt in Woburn eine groCere (iesanilsciiwankung als Gerste; 
eine Ausnalinie bilden die Parzellen oline Stickstott lungediingi und nur 
Mineralsalzdiingung), bei welchen kein ['uterschied ist, und die mit schwefel- 
saurein Ammoniak gediingten Parzellen. auf denen (icrste eine erheblich 
gnihere Scliwankaug zeigt. Irn Gegensatz zu dem, was man hiitte er- 
warten sollen, sind die Jahreseinfliisse bei Weizen ansgepriigter als bei 
Gerste. 

g. Einfluss der Niederschlage auf Weizenernten. 

Fur Weizen wurde diese Gntersuchiing nacli derselben Methode 
durchgetnlirt wie fiir Gerste. Die Kurven, die die geradlinigeii \Mrkungen 
der xNiederschliige auf deu verschiedeueo Parzellen angeben, V(‘rlaufen 
im ganzen ziemlich iihnlich. Nur die 8tallmisti)arzelle und diejenige, die 
kiinstliclie Volldiingung mit doppelter Menge schwefelsaurem Ammoniak 
erhalten haben (Parzelle 8), weichen von den ubrigen ab. 

Bei alien anderen Parzellen zeigen sich vSepteinber- und Oktober- 
Niederschlage schadlich, Januar-Regen begiinstigt die Ertriige, Niederschlage 
im Mai und duni haben scluidigenden Einfluh. Diingiingeu mit Mineral- 
salzen scheiuen eine groBere Stetigkeit zii bewirken, denn die Schwankungeii 
sind bei den Parzellen (5 und 9 geriuger als bei Parzelle 8. Wie bei 
Gerste, so wirkt sich auch bei Weizen ein (dierschuB an Niederschlagen 
auf Parzellen mit Stallmistdiingung immer sehr schiidlich aus; die wasser- 
haltende Kraft des Stallmistes sclieint in diesem Fall ein Nachteil zu sein. 
Parzelle 8 dagegen (doppelte Gabon von schwefelsaurem Ammoniak und 
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Mineralsalzen) wird als einzige von alien Versnchsparzellen durch eineu 
UberschnB an Regen giinstig beeinflufit, zweifellos deshalb, well der durch 
die Versauerung hervorgerufene Schaden unter feucliten Bedingungen ge- 
ringer ist als bei Trockenlieit. Die Unterscliiede sind nicht groB genug, 
um nach den iiblichen statistischen Metlioden aJs gesichert zu gelten, 
aber sie stimnien niit den bekannten Kigenschaften der Diingungen iiber- 
ein. Die geradlinigen Wirkungeii der Niedersclilage sind fiir Weizen ge> 
ringer als fiir (ierste, gleichgiiltig, ob dem Vergleicli die absoluteii Zahlen 
in Doppelzentnern je Hektar Oder die prozentisclien Krtriigo zugrunde 
gelegt werden, und die Maxima und Minima der Kurven liegen fiir die 
beiden Oetreidearten in verschiedenen Jalireszeiten (Seite 39 

in Hotliamsted sind die geradlinigen Wirkungeii nicht nur statistisch 
gesichert und aiisgejiragter als in Woburn, soiidern sie zeigen sich auch 
zu verschiedenen Jahreszeiten. In Rothamsted wirken sich weitere Nieder- 
schlage im Oktober giinstig, im Januar schadlicli, iin April und Mai giinstig, 
im duli schildlicli aus. Ahniich wie in Woburn untersclieidel sich anch die 
Stallniisl-Parzelle von den iibrigeu. 

III. Die Moglichkeit, deii Ausfall der Oetreideeriiteii vorauszusageii. 

Die Entwicklung der fiir die Ergebnisse der Feldversuche beimtzten 
statistischen Methoden erschlieBt die Mtiglichkeit. di(‘ (lOtreideernten bis 
zn einein bestimmten (irad der (4enauigkeit vorausziisagen. In demselben 
Grade, wie die P^ntwicklungsgeschichle der Ptlanze von einern gewissen 
Faktor abliangig ist, der friiher in ilirem Lehen eine Ibdle gespielt liat, 
so besteht hier immer die Mdglichkeit, aus ein(‘m Ix'kaniiten \ organg 
das Ergebnis vorausziisagen. 

Wenn die Wirkungeii der Niedersclilage aiit die W'eizenertriige in 
Rothamsted, wie R, A. Fisher gezeigt hat, in betraclitlicliem (iiade durch 
polynomisclie Methoden ausgedriickt werden konnen, liitU sich iiaturgeniaLl 
annelimen, daB andere Ptiaiizen ahniich darstellbare Beziehuiigen zeigen 
konnen. Dieses war iiiciit der Fall. Hei der Aiiwendung dieser Melhode 
lieBen sich in Rothamsted weder bei Gerste iioeli Alangold. in Woburn 
weder bei Weizen noch (Terste deutliche Pjiitlusse von Niederschlagen 
Oder anderen meteorologiscJien Vorgangen feststelh'ii. In alien diesen 
Fallen ist die Wirkung der Niedersclilage komplizierter als bei Weizen 
auf dem Broadbalk-Acker und kann nur durch Henutzung kubischer und 
quadratischer Zcichen ausgedriickt weiden. Dieses Problem muB stilndig 
weiter erforsclit werden, da bei der Besliminung der Ernten die Witteruiigs- 
einfliisse eine groBe Rolle spielen. Ks kann aber gut mbglich sein, daB 
die von uns angewandte Methode nicht den geeigneten MaBstab darstellt 
zur Pb’fassnng der klimatischen Faktoren, die fiir den Pflaiizenbau von 
besonderer Bedeutung sind. 

Eine weitere Mdglichkeit der Voraussage liildet die auf Seite 67 be- 
sprocheue enge Beziehung zwischen Kornertrag und Gesamtertrag. Die 
Entwicklungsgeschichte der Ptlanze zerfiillt in zwei Abschnitte: Zuerst 
die Bildung des Ptianzenmaterials, der Kohlehydrate, der Proteiiie usw., 
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dann die Einlagerung eines Teiles dieser Substanz in das Korn, Diese 
beiden Stadien greifen ineinander iiber; kurz vor der Schnittreife des 
Kornes ist die Bildung des Pflanzenmaterials praktisch beendet. Es sollte 
mbglicb sein, aus einer riclitigen Schatzung der Gesamtprodnktion eine 
richtige Schatzung des Kornertrages abzuleiten. Dieses Problem Avird 
augenblicklich iin einzelnen in Rothamsted behandclt. Fraulein Mildred 
Barnard hat bereits gezeigt, da6 die Pflanzenliinge ein gutes Kenn- 
zeichen fiir die Grundlage darstellt, auf die sich die Voraussage aufbaut. 


Tabelle 41. 

Durchschnittlichor, jUhrlicher fUr Kom und Stroh festgostollter Stickstoirgehalt 
in Kilogramni je llcktar. 



I 










Ge- 


IH82 1 

1HK7 

1802 

1807 

1002 

1007 

' 1012 

1017 

' 1022 

.saint 

I’arzelle 

his 1 

his 

Us 

his 

his 

his 

his ' 

his 

his 

1882 


IHHO 

IHOI 

, 1800 

1001 

1000 

1011 

1010 

1021 

1020 

bis 

1026 


1 nnd 7 . . . 

Xi 

20 

2.7 

G’er.sle 

20 

20 

14 

10 1 

1 5 

0 

i«X) 

4 a 

20 

.42 

.44 

25 

2.4 

14 

24 ‘ 

10 

1.4 

1000 

2a . 

.78 

0,7 

5.4 

11 

2 

— 

— 

— 


— 

a 


.70 

58 

17 

10 

.40 

21 

22 

20 

1800 

5a.. 

hi ' 

04 

07 

10 

7 


— 

— 

— 

— 

0 . . . . 

7.7 

07 

7.4 

01 

.72 

20 

4.4 

28 

24 

2205 

0 init Stick.stuff 

loo 

80 

0.7 

84 

80 

44 

.47 

' 4.7 

.40 

2055 

0 oline Stic.kstnff 

1 

45 

.72 

, .47 

.41 

24 

25 

22 

18 

1.755 

111) 

70 

.71 

7** 

58 

.70 

10 

44 

48 

.41 

2170 

1 1111(1 7 . . 

.47 

.40 

22 

AVeizeii 

21 

20 

21 

10 

10 


000 

4a. 

40 : 

.40 ' 

20 

10 

18 

10 

10 

: 21 

10 

004 

.4 a . . . 

00 i 

.72 

10 

1.7 

.40 

.47 

27 

.41 

18 

1720 

0 ... 

SO ' 

08 

51 

00 

.70 

.48 

.41 

40 

20 

2220 

11 h . 

70 

00 

10 

54 


40 

.47 

40 

20 

2224 


I. Die Zusammensetzung des Getreidekornes. 

(irrsir. 

dieniische Kornuntersucliungen sind im Laufe der Versuchszeit nicht 
durcligetiilirt wordcii. Aber es war giinstig, daB von den meisten der 
Parzellen Sortimeiite iioch vorhanden Avaren: ihr Stickstoffgehalt und ihr 
10l)0*KorngeAvieht sind bestimmt worden. Gelegentlich seiner in Rothamsted 
nach deni ^'ersuchsplan des Instituts fiir Brauereiwesen diirchgefiilirten 
umfangreiohon Studien iiber Gerste priifte li. R. Bisli op zahlreiche Gerstcn- 
proben aus Woburn: abgesehen von einem ziemlicli hohen Stickstolfgehalt 
fand er nichls AuBergewohnliches an ihiien. Die mntmaBliche durch- 
schnittliche Zusammensetzung des Korns kann man aus diesen Angaben 
ungefahr schiitzen: 


t’ngefahrer Prozentsalz im trockenen Korn. 


Festgpstelller 
Stic.kstoff 
in Frozenton 

Ge.sanit(* 

.8ti(*4vstoff- 

verhinduiiifen 

Hordein 

Glutelin 

Sal/loslidie 

He.stamlteile 

Hydrolysierbare 

Oder 

Extiakt liefernde 
Kohlebydratc 

1,0 

11.4 

4,4 

4,1 

4,0 

7.4 














) Diese Zahl stellt das Mittel von weniger als fiinf Jahren dar. 
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Stickstoffgehalt dea <>ersteDkornH. 

Stickstoffgehalt in I’rozenten, luTechnet aiis getrocknetor (ier-te htd h)<»® 
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8 tickstoffgehalt des Korcs. 

Fiir die wichtigeren Parzellen ist in Tabelle 45 der prozentische 
Stickstoffgehalt des Korns angegeben. Der Mittelwert 1,88 liegt deutlich 
hdher als die Werte, die man auf guten Gerstenboden erhalt (sie liegen 
hier gewbhnlicli zwischen 1,4 und 1,55), aber er ist fiir sandige Bbden 
nichts AuGergewohnliches. Der Mittelwert ist aucli etwas holier als der 
aus den Fruchtfolgeversnclien in Woburn, aber die Angaben sind zu 
liickenhaft, so daS in dieser Richtung noch keine allgemein gultige SchluB- 
folgerung gezogen werden darf. 






— 

mam 

HR 


1922 

on 

192-t 

1 925 



T>auer-(ierstenbau (Parzelle H) 

Gerste im FriKihtwechsel 

1 ,05 
1,95 

2,07 

1,71 

1,44 

1,2.1 

2 29 
2,01 

1.90 

1 ,67 

1.88 

1,09 


(Versiiclisreihen des Instiluts fur Braiiereiwesen.) 


Durcli diesen liohen Prozentsatz an Stickstolf waren die Gersten von 
dieson Parzellen in Woburn niemals fiir Miilzereizwecke geeignet, nicht 
einnial in den achtziger .lahren, als die Parzellen mit Dauergerstenbaii 
in Rothamsted Gersten von guter Brauqualitilt lieferten. 

Der Stickstoffgehalt des Korns hat im Gegensatz zuin Gesamtertrag 
im Laufe der Jahre keine Tendenz zii Veriinderungen gezeigt. Diese 
B(M)ba(*htung weicht sehr von der auf dem Hoos-Fold in Rothamsted fest- 
gestellten ab, wo mit fortschreitender Ertragsminderung der StickstofiT- 
gehalt des Korns zu steigen i)flegte. Wenn diese Tendenz auch in Woburn 
vorhanden wilre, wiirde sie auf jeden Fall durch die Tatsaehe \erdeckt 
werden, daB die Gerstensorte Plumage Ar(‘her*‘, die w’iihrend der letzten 
fiinf Versuclisjahre angebaut worden war, im Vergleich zu den alteren 
Sorten gewdhnlich Korn mit uiedrigerem Stickstotfgehalt liefert. Die 
jiihrlich festgestellten, prozentischen Schwanknngen sind fiir den Stick- 
stoffgehalt weit geringer als fur den Ertrag, sie betrugen iiur 10 bis 15®/^, 
w'ilhrend sie bei den Ertriigen 40 bis 50®,o ausmacheii (Tabelle 46). 

EintluB der Diingung auf den Stickstoffgehalt des Korns. 

Der durchschnittliche Stickstoffgehalt ist fiir ungediingte Gerste 
l,S2®/\,; durch Mineralsalzdiingungen sinkt er, durch stickstofthaltige Diinge- 
mittel steigt er. Bei kombinierten Diingungen mit 46 kg Stickstofl’ je 
Hektar (Parzelle 6) sind diese Kinftiisse fast genau ausgeglichen, so wie 
es bei der Stallmisti)arzelle der Fall ist. Die starkeren Stickstoffgaben 
(92 kg je Hektar) auf den Parzellen 9 steigerten den Stickstoffgehalt des 
Korns bis zur Hbhe der Parzelle, die 40 kg Stickstoti* je Hektar, aber 
keine Mineralsalze erhalten hatte, so daB man bei den beiden Parzellen 
6 und 9 den Eindruck hat, als ob die Gaben von 4,4 dz je Hektar Super- 
phosphat und 2,2 dz je Hektar Kalisulfat^) die Wirkung von 46 kg je Hektar 

‘) Je Hektar wareii 1,1 dz einer Mischung \ov Natroiisulfat und Magnesiuinsulfat 
zur Anwendung gekoinmeu, aber es ist nicht bewieseii, dafi diese Zu^ainmensetzung das 
Ergebnis beeinfluBte. 
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als Natronsalpeter Oder schwefelsaures Ammoniak zugefuhrten Stickstofts 
aufheben wiirden. Fiir den Zeitraum von 1882 bis 1906 sind die Zahlen 
fast die gleichen wie fiir die Zeit von 1907 bis 1926. Das Ergebnis von 
Rothamsted ist in der Hanptsache das gleiche, abgeselien davon, dafi die 
Stallmist-Parzellen eine besondere Stellung cinnehmen. vStickstoffhaltige 
Diingemittel allein steigern den Stickstoflfgelialt des Korns; werdon sie 
aber mit Mineralsalzen zusarnmen angewandt, so wird der Stickstoftgelialt 
fast bis auf den Stand der ohne Stickstoff beliandelten Parzelle gesenkt, 
und wiederum haben 4,4 dz Superphospbat nnd 2,2 dz KalisnlfaD) die 
Wirkung von 46 kg mit der Diingung zimefiihrten Stickstofis beinahe 
aiisgeglichen. 

Von Angeliorigen der V'ersuchsstation in Hotliamsted nacb den Kiclit- 
linien des Instituts fiir Brauereiwesen exakt durchgefiilirto Versuchs- 
serien mit Gersten aus verscliiedenen Teilen des l^andes ergaben ahnliche 
Ergebnisse, abgeselien davon, dafi die zalilenmiiOigen Werte niedriger lagen. 


Tube lie 40. 

Durc’Jisclinittliehor prozentist lior Slickstoffgelialt 
bel (icrstc, die uiiter verscliiedeiien fire\\a< liseii war. 


Diingung 

Parz«‘Ile 

w. 

i.s.s:> 

bi> 

lUOb 

(burn 

I!mm: 

bis 

1020 

Hothain- 

stod 

lluos- 

Kii'ld 

Deiu lust it ut 
tur Braiierei- 
wt*.**^ aus 
vcrschieileiien 
( iegciMlen 
ziigegangene 
llranger.ston 

Ungediiiiat . . ... 

1 uii(i 7 

1 Ki 

I.H2 

1.17 

1. 17 

Nur Mineralsalze . . . 

1 

1 TO 

1.78 

i,:>i 

1,48 

Nur Stickstoff 

2. ;>a 

2.< M) 

2.00 

1.07 

l.:)0 

Mineralsalze - JH kg Stick- 
stoff 


1 m 

i.sr* 

1 .>1 

1,17 

Stallinistdlinguiig .... 

1 lb 

1 ,s:{ 

I.HP) 

I.HI 


Mineral salze -f- kg Stick- 
stoff 

0 

2 i:» 

1 ‘*2D 




Es ist kein Anzeichen fiir irgendwelche, diiirh stiekstoffhaltige 
Diingemittel verursachte Abnahme im Stiekstolfgelialt des Korns \or- 
handen, wie man sie haufig beobachtet, wenn die Diingemittel riMluziert 
werden und die gewohnliche Hbhe des Stickstoflgehaltes niedriger wird. 
Sogar dieNachwirkungen von Natronsalpeter steigerten den prozentisehen 
Stickstoffgehalt des Korns, wie aus naehstehenden Mittelwerten er- 
sichtlicdi ist: 


Standig obue Stickstoff. 
nur Mineral sal ze 

Parzelle 4 

Nur nil vorlicrgcheinleii 
•lahr .‘^tick.stiiff, 
iin laufcndcii nnr M moral - 
salze 

f'arzidle 0 b 

Iin laufenden .lahr 
sowohl Stickstoff abs aurli 
Mineralsalze 

Parzelle Oa 

1,71 

I.HI 

2, OS 


1) Sielie auf S TS. 

2) Veminderte Diingung. 
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Di© allgemein© Ansicht, dafi der Stickstoffg'ehalt gesenkt wird, 
wenii man statt mit Natronsalpeter mit schwefelsaurem Aminoniak diingt, 
ist hierdurch nicht bewiesen. Bei zunehmender Versauerung des Bodciis 
tritt keine Erhohung des Stickstoffgehaltes ein; bei Kalkdiingung wird der 
Stickstoffgehalt niedriger, aber nur auf zwei Parzellen, nicht auf der dritten. 

Die Wirkungen sind alle gering; die bis jetzt durchgefiihrten Diin- 
gungsplane haben nicht viel mehr erreicht, als die Einwirkung der stick- 
stoffhaltigen Diingung auszugleichen. Wie fiir alle anderen Friichte, 
eoweit sie nntersucht worden sind, steigert die Diingung den Ertrag, 
aber beeinflufit kauin die Qualitat. Solange Diingungen die Ertrage 
steigem und kein Lager verursachen, besteht auch hier kein Grund, ein 
Nachlassen in der Qualitat zu befiirchten, man konnte sogar eine, wenn 
auch geringe Verbesserung erwarten. Aber eine besondere Veranderung 
findet nicht statt. Durch die Diingung kann der Stickstoffgehalt nicht 
auf den Stand der Braugerstenreihen gesenkt werden. Der Stickstoff- 
gehalt ist in hohein MaOe abhangig von der allgemeinen Bodenbeschaffen- 
heil und den klimatischen Bedingungen; er kann zwar durch Diingungen 
gesteigert, aber nicht leichi wieder gesenkt werden. Es besteht talsfich- 
lich keine Moglichkeit, eine Stickstoffsenkung mit Sicherheit zu erreiclien. 

rr.sacheii der J ahresscliwankuiig irn Stickstoffgehalt des Kor n s 
Beziehungen zwischen Stickstoffgehalt und Ertrag. 

Auf alien Parzellen hatten hohe Ertrage niedrigeren Stickstoff- 
gehalt zur P^olge; jedes weitere Hektoliter Korn je Hektar verminderte 
den Stickstoffgehalt uni ungefahr 0,01 


a 1) e 1 1 (‘ 17 

Fill Vergrleirh dor Schwankun^on von Stlckslofi’gohall 
dos (iersteiikorns and Kornortrair. 




Nur MiiieraKalze ohne Stirkbtoff . 

Nur Natrousaijieter 

Nur stihwefehaures Aiuiuoiiiak . . 

Miiieralsalze + Natronsalpeter . . 

Miueralsalze 4 scliwofols, Aiuiiioniak 
StallmistduiiL»-untr . . . . . 


s. 

N 

a 

a. 

1, 

1 

N 

Stick''toll: ehalt 
des troekenen Korns 
111 Frozenten-i 

1 •?! 

1 

40 

1 ,H2 

- O.IS 

1 


1,71 

-1 0.21 

.'1 a 

.17 

2.05 

i 0,25 

2 a 

Hi) 

2,00 

--- 0,21 

({ 


I.HI 

- 0,27 

5 a 

.15 

1.92 

-4-0.25 

n b 

10 

l.H.S 

-i- 0.22 


Scliwankuiiii; 
in Frozen ten 



10 
1 'J 

1 2 , as 
12 

1 :> 2« 

i;t — 

1 2 2<> 


') Die Zalilen fur verschiedene dahre fehlen bei verscliiedenen Fnrzellen, so dafl 
wiihrend der 44 Jahre, von IHSa bis 192t), fur keine Farzelle Aollstandii>e Zalilenreihen 
zur Verfii^unjr steben. Oie erwahnten Zahlen sind aus alien zugiinirlichen Jahren uber- 
nonmien worden. 

*) Standardfebler der Jabreszableii. 
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Wirkung der Niederschlage. 

Aiif den Stickstoffgehalt des Korns haben Niederschlage einen viel 
grofieren EinfluB als auf den Ertrag. Die Kurve der Abb. 9, die diese Wirkung 
zeigt, geniigt den statistischen Anspruchen auf Sicherheit, wahrend das bei 
Abb. 5, die den Ertrag darstellt, kaum der Fall ist. Die fiir den Stickstoflf- 
gehalt kritischste Niederschlagsperiode ist Mai, Juni, .Tuli. Anfang Jnni 
25 mm Niederschlage iiber dem Durchschnitt senken den Stickstoffgehalt 
urn ungefahr 0,10%. Es ist sehr auffallend, dafi diese fiir den Stickstoff- 
gehalt so wichtigen Juni -Niederschlage auf den Ertrag eine geringe 
Wirkung haben, wahrend die Niederschlage ira Miirz und April die Ertrage 
vermindern, den Stickstoffgehalt aber iiur wenig beeintlussen und ihn dann 
sogar zu steigern pflegen. 



Knrve fiir mittleren (irerstenertrag nuf siebeii 

Wirkiiuj; von 25 inni Niedersoblii^en iiber ilem Durcbvohnitt aul den Stickstoffirebalt. 

Eine Einwirknng der nungung liiCt sicli nielit feststellen. alle Par- 
zeilen verlialten sich gleich. l)er enge Znsaninienliang zwisclien Friili- 
sommerniederschiagen und Stickstotfgclialt des Kornes ist nielit auf Woburn 
besclirankt, er wird auch von den anderen Stelleu beohaehtet, die die 
Gersten-Versuche des Instituts fiir Brauereiwesen durehfiilirten. Diese 
Feststellung lafit sich walirscheinlieli damit erkliiren, daB das in den ersten 
Wachstumswochen von den Pflanzen aufgcnommene Xitrat elier dazu neigt, 
eine Steigerung des istickstoffgehalts im Korn als eine erhohte Korn- 
bildnng herbeiznfiihren. Friihsonimer-Nicderschiage, die aus dem Boden 
das spat gebildete Oder uberschussige Nitrat auswaschen, verhindern diese 
Vermehrnng des Stickstoffgehalts. Es ist oft festgestellt worden, daB Nieder- 
schlage im Juli Oder im friihen August fiir die Senknng des Stickstofl’- 
gehalts eine wichtige Rolle, spielen, ein Beweis dafur ist aber nicht vor- 
handen. Die Reife und damit die Qualitiit des Korns wird durch Juli-Regen 
giinstig beeiniluBt. 
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KinfluB der Temperatur. 

Bis Mitte Mai (d. h. wiihrend der ersten acht oder zehn Wochen nach 
der Aussaatj haben Temperatur-Schwaiiknngen iiur wenig Einflufi auf den 
HtickstofF-Gehalt des Korns, abgesehen davon, daB bei Teinperatur-Steige- 
rungen auf den ParzelJen mit kiinstlicher Volldiingung ein leichtes Ab- 
sinken eintritt. 

Von der zwciten Mai-Halfte an steigern uberdurchsclinittlicJic Teni- 
peraturen den Stickstoffgelialt. Die Wirkung liiingt in gewisser Beziehung 
von der Dungung ab, dadurch unterscheidet sie sicli von dem EinfluB der 
^iiederschlage. Bei den Stallinist-Parzellen zeigt sicli diese Wirkung am 
wenigsten ausgepnigt, bei den Xatronsalpeter-Parzellen am deutlichsten. 
Die empfindlichste Periode ist Mitte Juli; cine urn 5® C iiber dem Durch- 
schnitt liegende Temperatur kann den Stickstoffgelialt wie folgt steigern: 


Stickstoffsteigerung 
in Prozeuten i 

I’arzelle 

Diingnng 

0,()()7<; 

1, 7 

Pngedungt 

0,0128 

a, <> 

Natronsalpeter 

o.oo8:i 

5 

Schwefelsaures Animoniak 

0,0050 

11 b 

.Stallmistdungung 


Der EinduB der Temperatur kann nicbt genau von dem der Nieder- 
schlage getrennt werden, weil feuclite Tage im Sommer oft kuliler sind 
als trockene. 

Z n s a 111 m c n w i r k e n von N i e d e r s c h 1 a g e n u n d Temperatur. 

'JVibelle 48 zeigt, daB die Niederscliliige im Mai und .Jiiiii und die 
Temperatur im Juli zu etwa 33 bis fiir die Jahresscluvankungen 

verantwortlich zu machen sind. 

Tab ell e 48. 

Anteil des Witlorungseinfl asses 
an der Jahresschwanknng im Stickstoirgehalt in Prozenlcn. 

Ilegression des prozentischen Stickstoffgehaltes aus den Mai- und Juni-Kiederschliigen 
und dem Maximum der Juli-Temperatur. 


Kein Stickstoff 

Natronsalpeter 

Stallmist- 

dungung 


i Tar- ! 0 , 
zelle 

, Par- 1 o( 
zelle 1 

Par- 0 / 

zelle i 

Ungediingt . . 
Piigedungt . . 
Mineralsalze 
allein . . . | 

: j : 3.1 

7 ' 43 

4 a ; 33 

Allein 3a 57 

-f- Mineralsalze . . . 0 , 00 

Schwefelsaures Ammumak 

-f- Mineralsalze .... 5a 30 

lib 42 

1 

1 


Die Voraussage des Stickstoffgehaltes. 

Der Stickstoffgelialt stelit so eng mit Friilisommerregen und Juli- 
Temperatur in Zusammenhang, dafi eine sichere ,.\oraussage“ des Stick- 
stoft’gehaltes des Korns fiir die ganze Zeit aus der Kenntnis dieser beiden 
Grofien konstruiert werden kann. Tabelle 49 zeigt die oraussage‘‘ fiir 
Parzelle 6: Nicht weniger als 75 Yo Firgebnisse wurden gefunden, bei 
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welchen sich nur eine Abweichung um 0,15®/^ ihrer tatsachlichen Werte 
feststellen 

Wie Bishop gezeigt hatte, ergaben sich hieraus interessante MOg- 
lichkeiten insofern, als die Voraussage des Stickstoffgehaltes auch zu einer 
Voraussage hinsichtlich der allgemeinen chemisclien Zusamniensetznng des 
Korns und der Menge des sich nach dem Vermiilzen ergebenden Malz- 
extraktes fuhreii kann***). 

E i n f 1 u 6 der A u b a u - ]\1 a [» n a h m e n. 

Aussaatzeiten. Februar ist im allgemeinen der beste Monat ziir 
Aussaat dcr Gerste. Obgleich spatere Anssaattormine beim Auswahlen 
eiiies giinstigen Zeitpunktes den Krtrag nicht wesentlich beeinflussen, 
haben sie doch die Neigung, einen hbheren Stickstoffgehalt zu bewirken. 
dede Verzogerung der Aussaatzeit urn eine Woche nach Fnde Februar be- 
deutet eine Veririehrnng des StickstoUgehaltes im Korn urn anniihernd 0,05 

Z e i t j) u n k t e 

f ii r die D ii r c h f ii h r u n g der s t i c k s t o f f h a 1 1 i g e n 1) u ii g u n g. 

Besondere Versuche wurden in Woburn in dieser Riclitung nicht durch- 
gefiihrt, aber das stiindige Verschieben des Zeitpunktes, an deni die stick- 
stoffhaltige Diingung zur Anvvendiing kain, stelit im Ziisammenhang mit 
einer nicht gleichmafiigeii Veranderung im Stickstoffgehalt. Fs ist mbglich, 
da6 hier, wie bei der Verschlechterung, eine Neigung zur St('igerung vor- 
liegt, die aber erst beobachtet wurde, als die illteren (-Jerstensorten von 
1922 an durch Plumage Archer ersetzt wuirdon. 

E i n f 1 u 3 der B r a c h e. 

Eines der auffallendsten Versuchs<‘rgebnisse in Woburn war die 
auBergewbhnliche Einwirkuiig der Brache auf Krtrag und Stickstoffgehalt 

0 Die Berechniing wird fiir Parzelle H nach folgeinler (ileiidmng durchgefUbrt: 

N = • 0390 TJy “ • 11500 Rm — • OOP) llj 

wohei N die Abweichung des Stickstoffgehaltes im Korn Mittelwert bedeutet; TJv 
bedeutet die Abweichung' der Maxiinaltemperatur ini Julj voiii Mittidwert in ® F; Km «nd 
lij schliefilich sind die Abweichungen der Niederschlage in Zoll ini Mai bzw. iin Juni 
voii ihren Mittelwerten. 


Die Werte der Koeffizienten fur die einzelnen Parzellen sind die folgenden: 


Diingung 



T.Iy 

1 

Km 

Rj 

Ungedtingt 

1 

4 0,020,310 

- 0,011,484 

— 0,020,829 

Ungedungt 

7 

+ 0,028,010 

— 0,050,394 

— 0,034,051 

Nur Mineralsalze 

Natronsalpeter 

4 

+ 0,0229 

— 010525 

— 0^0028 

Nur Stickstoff 

Natronsalpeter 

3 

+ 0,024,390 

— 0,108,458 

— 0,069,202 

Eiinstlicbe Volldiingung .... 

6 

1 

1-0,0390 

— 0,1151 

— 0,0649 

Schwefelsaures Aminoniak . . . 

5 

H 

h 0,022,894 

— 0,097,008 

— 0,059,132 

Stallmist 

11 b 


- 0,0300 

— 0,0621 

— 0,0309 


*) Siehe E. J. Russell und L. R. Bishop. Investigations on barley Jl.Inst. Brewing. 
1933, Vol. 39. pp 287 et seq. 
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bei nachfolgendem Gerstenanbau. 1927 und 1928 warden alle Parzellen 
brach gelassen, dann warden sie mit Gerste bestcllt, aber nicht gediingt. 
Die Ertriige stiegen in liohem Mafic, aber der Stickstoffgehalt fiel. Nahere 
Angaben folgen: (Siehe auch Tabelle 55) 


Ertraar nnd Stickstolfart'linlt bei GorHle nach vorhergehonder Eracho. 


Ertriige 

Doppelzeiitner je Ilektar 
Voriicrgehende I )nngiiiig 

Xur I vStallinist- i I 'li- 
Mineral- diiiignng gedungt 
.salzc ParzeJJe ■ ParzeiJe 
Parzelle. I ■ lib ' 1 niid 7 


Stirkstoft'gehalt 
Vorhergehende Dungiing 


Pn- iStallniist- 
ir(Mlungt , (linigiing 
J’ar/eilo J’arzelle 
I und 7 lib 


Niir 

Miiieral- 

salze 

Parzelle 

4 


lO-.IaijreMnittel vor der 
Hracbe (PM 7 bis Pl2b) 
1. .labr nacli der Jlrticlie 



a. .lalir iiacli dei Prache 
(JHdO) . . . 


-»,7 

11.8 

7,0 


ir>,i 


1,08 

1.12 

1,08 


12 a 

0,78 

1 

' 0,77 

0,75 

12.8 

8 2 

0 88 

0.81 

0.80 


T a b e J 1 e 4!b 


Stickstoftgehalt des Gerstenkorns bei Parzelle 6, wie or diirch Analyse feslgeslellt 
und durch Regression aus den AVitterniigsverliilltuisseu berecliiiet wurde. 


Prozeiit des trockeiion Korns 


Jalir 

JJurch 

Analyse 

fpstgestellt 

Ende Juli dnroh 
Regression \on Mai- 
und .luni-Nieder- 
schliigen und .luli- 
d’eniperatur 
berechiiet 

Jabr 

Durch 

Analyse 

festgestelit 

Kiule .lull (birch 
Kegres.sjoii von Mai- 
und Juni-Niedc^r- 
schlagen und Juli- 
Teinperalur 
herechnet 

1885 

1,73 

1,77 

1908 

1,72 

1 ,83 

1888 


1,72 

1907 

1,52 

1,47 

1887 

1,81 

1,70 

1908 

1,84 

1,88 |- 

1888 

1,81 

1,78 

1909 

1,68 

1.72 

1880 

1,87 

1,53 

1910 

1.49 

1,84 

1800 

1,85 

1,83 

1011 

2,51 

2,30 — 

1601 

1 ,93 

1 ,80 — 

1012 

1,78 

1,91 

1892 

1 ,68 

1,93 -f 

1013 

1,89 

1,81 

1890 



2,01 

1014 

2,00 

2.02 

1804 

1,73 

1,78 

1015 

2,00 

l'88 

1805 

2,38 

2 27 

1018 

1,68 

1 ,75 

1808 



2’ 18 

1017 

1.73 

1,81 

1897 

1 ,90 

2,00 

1018 

1 ,53 

1.86-1- 

1898 

1,58 

1,88 

1010 

1,84 

1 ,83 

1809 

1,87 

2,09 + 

1020 

1,59 

1,88 

1900 

1,99 

2,10 

1921 

2,44 

2,34 

1901 

2,38 

2 12 

J022 

1,85 

1,80 

1902 

1,83 

I’eH 

1023 

2,07 

2,13 

1903 

1,80 

1,39 — 

1924 

1,44 

1 ,37 

1904 

1,83 

2,06 4- 

1925 

2,20 

2,03 — 

1905 

2,10 

1,99 

1926 

l’98 

1,77 — 


Anzahl der Falie, in denen die berecbneten Werte von den wirklichen Werten des Stick- 
stoffgebalts urn nielir ala 0,16 abwichen = 11, = 25 7o- 
Diese F&lle sind bezeichnet mit wenn die \ oraussage zu hoch war, 

— , wenn die Voraussage zii niedrig war. 
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Seit 192o wurde keine Diingung mehr gegeben, und aus dieser Tat- 
sachc allein hatte man schon eine Senkung des Stickstoffgehaltes im Korn 
erwarten konnen. Bei dem lO-Jahres-Durchsclinitt hat das Fehlen der 
Diingung keinen solchen Unterschied hervorgerufen, wie dies bei der 
Brache der Fall war. 

Die Weizen-Versiiche. 

Stickstoffgehalt des Korns bei Weizen. 

Wie in Rothamsted lag aucli in Woburn der Stickstoffgehalt des 
Korns bei Weizen ungefahr 0,2~0,3"/y holier als bei Gerste. Die durch- 
schnittlichen Werte bringt Tabelle 50. 


Tabelle 50. 

DarchschnitUicher prozenti seller Stickstoffgehalt bei Weizeu, 
der nntor Terschiodenen Bedingungon angebant wiirde. 




1 Woburn | 


Gewohulicher 
englischer 
Weizen 
Durclischnitt 
der letzten 
Ergebnisse 

1 K an ad i seller') 


N 

*-i 

d 

PU 

18H5 

bis 

1905 

1906 

bis 

1926 

s -o 
os n 
•A d 
o 2 

05 X 

aus 

Prarie- 

provinzeii 

aus 

Kusten- 

provinzen 

Ungediingt . . . 
Nur Mineral salze . 
Nur Stickstoff . . 

1 

4 

3 

2,02 

2.09 

2,20 

1,87 

1,89 

1,95 

1,85 

1,88 

2,07 

2,0 

2,9 


Mineralsalze -|- 
Stickstoff, 46 kg 
StallinistduDgung 

() 

11 b 

2,16 

2,11 

! 1.91 
1.97 

2,02 

2,21 





Der Stickstoffgehalt des in England angebaiiten Weizens zeigt staike 
Schwankiiiigen ( 1,8 - 2,0 ^ber kiirzlich diircligefiilirte AnaJj’sen er- 
gaben eineii Durclischnitt von 2,0^7o“b wiihrend (Jerste ini allgenieinen 
eineii Stickstoffgehalt von ungefahr 1,4— 1 , 8 ' 7 ^ aufzuweisen hat. Wkhrend 
des ersten Zeitraumes hatte der Weizeii in Woburn eiiieu Iiohereii Stick- 
stoffgehalt als derjenige auf dem Broadbalk-Fcld in Rothamsted, eine Be- 
obachtUDg, die auch bei Gerste gemacht werdcii koiinte und die iiberein- 
stimmte mit dein haufig festgestellten Ergebnis, daB das Korn auf sandigen 
Boden durchschnittlich reicher an Stickstoff* ist als auf den schwereren 
Lehmboden. In der zweiteii Periode ist der Stickstoffgehalt beim Weizen 
aut beiden Stationen fast gleich, nur die Stallraistparzellen weichen ab. 
Der Weizen von Woburn steiit dem gewohnlichen englischen Weizen im 
Stickstoffgehalt kaum nach, obgleich er unter dem Kanadischen — sogar 
nnter dem dortigen weichen Weizen der Kiistenprovinzen — liegt. 

Die Muller bevorzugen im allgemeiiien Weizen mit hohem Stickstoff- 
gehalt, und desiialb sind die in den Prarieproviiizen in Kanada angebanten 
Weizen am meisten gefragt. Der Stickstoffgehalt ist aber bei weitem 

‘) F. T. Shutt, Trans. Roy. Soc. Canada, 1935, Bd. 29, S. 1. 

*) Bei W'^eizen ist es ublich, hauptsachlicb in Kanada, den Prozentgebalt an Protein 
anzugeben = N X 5,7. Der so gewonnene Proteingehalt betrkgt fUr englische Weizen 
Ifj'fVol da er gewChnlich auf 15®/o Feuchtigkeit bezogen ist, vermindert er sich 
auf 9,7 7o- Fur die obigen kanadischen Durchschnitte ergeben sich die Werte von 16,5 
und 13,5. 
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nicht der einzige Wertmesser fiir das Getreide; es warden auch Mahl- 
und Backversuche dnrchgefuhrt, bei welchen die Weizen von Rothamsted 
nicht gut abgeschnitten haben. Die entsprechenden Versuche mit Weizen 
ans Woburn unterbiieben. 

Die Ursachen fiir die Schwankung im StickstoflPgehalt scheinen fiir 
Weizen und Gerste vdllig die gleichen zu sein, sie aufiern sicli nur bei 
den Getreidearten verschieden. Bei beiden Arten erhobte sich der Stick- 
stoffgehalt im Korn durch Natronsalpeter ; ziisatzliche Gaben von Mineral- 
salzen verringerten ihn. Die Jahre mit hohem Stickstofl'gehalt bei Gerste 
zeichnen sich gewohnlich auch durch einen Stickstoffreichtum i)ei Weizen 
aus; aber die Zahlen fiir l)eide Getreidearten stehen nicht im direkten 
Zusammenhang. Wie bei Gerste wird auch bei Weizen der Stickstotf- 
gehalt in ,Jahren mit hohen Ertriigen niedriger nnd umgekehrt. Selbst 
Niederschlage beeinflussen die beiden Getreidearten in derselben Kich- 
tung; allerdings ist das AusinaB der Wirkung verschieden. Erhohte Nieder- 
schlage im Marz pflegen den Stickstoff zu steigern. vermindern ihn aber, 
wenn sie Avahrend der Hauptwachstumszeit (Mai bis Juni) auftreten. Erst 
ziir Erntezeit rcagieren die beiden Getreidesorten verschieden. Erhohte 
Niederschlage im August bewirken eine deutliche Steigerung des Stick- 
stoftgehaltes bei Weizen, wahrend man bei Gerste einen derartigen Ein- 
tlufi nicht beobacliten kann. Hbhere Juli-Temperaturen verursachen zwar 
bei Gerste eine Vermehrung des Stickstoftgelialtes, aber nicht bei Weizen. 

Hinsiclitlich der Wachsturnsperiode erhiilt man bei Weizen fbei Gerste 
ebenfalls) hier dasselbe Ergebnis wie an anderen Stationen. Bei einem 
Versiich mit kanadischen Weizen, der sich iiber 28 Jahre erstreckte, fand 
Shutt'j, daB holier Stickstotfgehalt mit trockenen, niedriger mit feuchten 
Bodenbedingungen in Zusammenhang stand. Aber wir haben von keiner 
anderen Stelle gehbrt, daB erhohte Niederschlage im friihen August den 
i^tickstoffgehalt gesteigert haben. 

Fiir das auffallende Sinken des Stickstotfgehalteu bei Weizen nach 
1P()6 um annaheriid kann keine Erklarung gefunden werden. Bei 

(Gerste tritt ein solches Abfallen nicht ein 


Tabelle 51. 

Stickstoflgolialt des Wei/iMikoriios. 


Parzelle 

1882 

bis 

1886 

1 

1887 

bis 

1891 

1892 

bis 

1896 

1897 

bis 

1901 

1 

1902 

bis 

1906 

1907 

bis 

1911 

1912 

1 bis 
1916 

1 

1917 

bis 

1921 

1922 

bis 

1926 

Durch- 

sclinitt 

1882 

bis 

1926 

1 und 7 

2,U 012,06 

1,95 

2,09 

1,90 

1,83 

1 ^ 

1 1,96 

1,92 

! 

|1,76 

1,95 

4 

2,18 0 

!2I1 

1.90 0i 

2,21 

1,98 

1,87 

! 1,97 

1,95 

1,86 0 

2,01 

3 a*) 

2,42 0i 2, 02 

2.1 1 

2,33 

2,16 

1,87 

1 2,18 1 

11,96 

1,71 0 

2 08 

0 

2,18 6 2,02 

2,21 

2,28 

2,14 0 

1,78 


1,92 0 

1,84 

2,0i 

11b 

:J,29 0i2,l.'t 0 

2,05 

2,17 

2,08© 

1,99 

1 2,02 ! 

!i,94 

1,92 

2,05 


') F. T. Shiitt. Die Einfliisse der Witterung deii Stickstoffgehult des Weizens 
Trans. Koy. Soc. Canada. Vol. 2i, p. 1. 

•) 3 b von 1907 bis 1920. 

Q bezeichnet den Durchschnitt von weniger als funf Jahren. 

Landw. Jb, Bd S4. Heft 2 
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E. J. Russell: 


1000-Korngewicht boi Gerstc. 

Gerste in Woburn hat im allgemeinen eher ein niedrigeres 1000- 
Korngewicht, als es Gersten mit guter Malzqualitat sonst besitzen; es 
bewegt sich zwischen 28,7 and 49,1 g mit einem Mittelw^ert von 37,2 g; 
bei guten Braiigerstcn licgt es gewdhnlich zwischen 38 und 40 g. 

Die Diingung hat hierbei keinen wesentlichen EinHuB; ohne Riicksicht 
auf die Diingung sind alle Werte in jedem einzelnen Jahr j)raktisch gleich. 

Stark ausgei)ragt isl indessen der JahreseinfluB, wie die von Jahr 
zu .lahr betriichtlich abweichenden Werte ]>eweisen; aber es ist selir auf- 
fallend, daB keiner der mcteorologischen Faktoren auf die Kornbildnngs- 
oder -reifezeit besonderen EinfluB ausiibt. Zwischen Niederschlagen, 
Sonnenschein-Stundeii und Temperatnren iin Mai, Juni, Juli oder August 
konnte irgendwelclier Zusaminenhang iiicht festgestellt werden. Die ein- 
zigen Beziehungen, die nachgewiesen werden kounten. lagen in Monaten, 
die zeitlich der Vegetationsperiode so fern standen, daB ein erkliirlicher 
EinfluB nicht vorliegt. So senkten Niederschlilge im Januar, Februar und 
Miirz das 1000-Korngewicht, Februar-Kegen hatte den nachhaltigsti^n Kin- 
fluB und machte 19 ^'/o der jahrlichen Abweichung aus: selbst Niederschliige 
zwischen September und November schienen noch eine gewisse Wirkung aus- 
zuiiben. Uberdurchschnittliclie Tem]>eraturen im Miirz und April steigerten 
im allgemeiiien das lOOO-Korngewicht und sind fiir etwa 17“/„ der Jahres- 
schwarikungen verautwortlich zu machen. Sonnenschein aber hatte in 
keinem Monat irgendwelchen iiennenswerten EinfluB, eine Tatsache, die 
ganz im Gegensatz steht zu der allgemeinen Behauptung. daB Sonnen- 
schein im Juni die Kornbildung fbrdert. 

Es bestand also kein Zusanimenhang zwischen lOOO-Korngewicht 
einerseits und Stickstoffgehalt des Korns oder Verhiiltnis von Korn zu 
Stroll andererseits. 


T a be lie 52. 

Durc'lischnittHgowiclit fUr Weizen und Oerste in Doppoizcntnor ji* Hcktar. 

1877 bis in2«. 


UiigedUiigt (Parzelle I und 7) . . . . 

Nur Mineralsalze (I’arzelle 4) .... 


Parzolli-ii 

mit Natronsal peter 

Nur Natronsalpeter (Parzelle 3 a) . 23,1 

Natronsalpeter -|- Mineral>^alze (Par- 
zelle 6) . . 23,5 

Doppelter Stickstoff (Parzelle 9) . . 23,4 

Natronsalpeter fortgelassen 


Parzellen 

mil srinvofelsaiirem Animoniak 
Nur schwefelsaures Annuoniak (Par- 


zelle 2 a) 23,0 

Schwefelsaures Ainiuoniak -j Mineral- 
salze (Parzelle 5 a) 23,9 

Doppelter Stickstoff (Parzelle 8) . . 23,7 


(Parzelle 9b) . . 23,7. 


2. Die durch standigen Getreidebau bedingten Bodcnverschlechterungen. 
Mehrfacher Getreideanbau auf demselben Land. 

Die heutigen Verhaltnisse machen es oft erforderlich, von den festen 
Fruchtfolgen Abstand zn nehmen and haufig sind BefUrchtnngen laut 
geworden, dafi diese MaSnahmen dem Boden schadlich seien. Uer Anbau 
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von (Jetreide mehr als zweimal nacheiiiander aiif demselben Land ^nlt 
in Grofibritannien allgeinein als schlechte Feklbowirtschaftung. Da lieute 
durch das Aiiteil-8ystom fKontiiigento) der Anbau von Weizen in England 
gefdrdcrt wird, ist die Frage oft erdrtert worden, wie weit sicli unter 
den lieutigen Verlialtnissen e.in Daueranbaii von Feldfriichten diirch- 
fuliren lafit. 

Fiir die Beantwortung dieser Frage bietet der (TCtreideanbau so- 
wolil in Woburn als ancli in Kotliamsteil ein gutos Beispiel. Oiine irgend- 
welehe (fefalir der Krtragsdriickung oder der nacliteiligen Einwirknng 
auf den Hoden kann jalirelang iiacheinaiid(‘r a\if demselben Laud erfolg- 
reich Getreideanbau durchgefulirt werden; Voraussetziing dafiir ist aller- 
dings, dali das [Inkraiit auf das Mindestmaf) beseliriinkt werden kann 
und daC iin Hoden lebeude Erreger von I^Hanzeiikranklieiten wie Getreide- 
Alohen, Fiifikranklieit (Kusarinni), ..Schwarzbeinigkeif' (Opliiobolus) usw. 
nieht iiberliand nehnien. Auf den drei fur stiindigen (Tetreideanbau am 
ineisten bckannten \‘ersuclisfeldern in Kothamsted, Woburn und Sawbridge- 
wort lj ( Versiieliswirtscbaft des Herrn IMout) konnte koine dieser Krank- 
keiten beobaclitet werd(‘n. Kercits nach nur wt‘nigen Jaliren stiindigen 
Weizeiibaus liatteu auf den Kreidebdden in Norfolk und den siidliclien 
Provinzen di(i banner, die zur .Mechanisation ubergegaiigen waren, sohwere 
l^odenscliadigungen durcdi Opliiobolus und Fusarium zu verzeiclinen. Wo- 
duirli wiirdo dieser IJnterseliied verursacht? Line sicliere Erkliirung 
dafur kann noch nieht abgegeben werden, der Ikitersehied wird augen- 
sclieinlich durch die Menge der im Hoden vorhandenen Kreide bedingt 
sein. Dieser verniehrte Kreidegehalt sciieint das Auftreten von Fu6- 
krankheiten und „8chwarzbeinigkeif* zu begiinstigeii; weder in Kothain- 
sted nocli in Sawbridgeworth konnte man eine wesenlliche und in Woburn 
uberhanpt keine Steigerung des Kreidegehaltes feststellen. 

Es ware eine dankenswerte Aufgabe, liber dieses Krauklieitsproblem 
noch weitere I 'ntersuchungen durclizuflihren; aber boreits heute diirfen 
wir feststellen, daU man Getreid^ unbedenklich mehrtre dabre nach- 
einander auf demselben liund anbauen kann, wenn keine Krankheiten 
vorliegen, die geeignete Diingung gegeben wird und geniigende Ma6- 
nahmen zur Bekampfung des Unkrauts getrofl’en werden. Allerdings wird 
nach langer Zeit eine Verschlechterang doch niidit ausbleiben. 

Gegenwirkung von kiinstlichen Diingemi ttelii 
und S t al 1 m i s t d ii n g u n g. 

Tabelle 31 zeigt, dad die Ertrage in den ersten Jahren auf alien 
Parzellen steigen, aber dann fallen; allerdings mucht sich das Absinken 
auf einigen Parzellen weniger bemerkbar als auf anderen. Nach 1906, 
als die Diingung geiindert worden war, wurde das Abfallen starker; wir 
konnen aber nieht beurteilen, ob diese Tatsache auf die verminderte 
Diingung zuriickzufiiliren ist oder auf irgend cinen nacliteiligen Faktor, 
der von Jalir zu Jahr melir an Bedeutung gewann. Beide ungediingte 
Parzellen zeigten ein weiteres Siiiken der Ertrage, auch bei Parzelle 4 

16 * 
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war dies der Fall, bei welcher die Anderung in der Dtingnng wahr- 
scheinlich keine grofie Wirkung gehabt Mtte. Diese Ertragsverschlech- 
ternng ist nicht den besonderen BodenverMltnissen in Woburn zuzu* 
schreiben, denn man lindet sie anch auf dem vbllig anderen Boden in 
Rothamsted. Obgleich wegen des Unterschiedes in der Versuchsdauer ein 
genaner Vergleich nicht moglich ist, lafit sich doch im allgemeinen eine 
tlbereinstimmung der Ergebnisse beobachten. 

Es ist schwer festzustellen, weshalb Getreide, das kiinstliche Voll- 
dungung erhalten hat, beim jahrelangen Anban anf demselben Land im 



6 MineralsalzBi-NatTonsdlpeter %kg Stickstoff//i3 
9 Hhnera/satze tk/atronsaipeter Xkg Stickstoff/ka 
iidStathmstdunguftg (l^kgStickstonje ha) 

Abb. 10. 

Kornertrag bei Gerste. 

Ertrage nachlassen soUte. Die Verschlechterung ist nicht allein die Folge 
eines Anbans ohne Fruchtwechsel; sie findet sich in Rothamsted nnd in 
Woburn anch auf den Parzellen mit Fruchtwechsel. 

Die nach 30 Jahren vorgenommene Anderung in der Dungung, die 
einen Vergleichsversuch fur die Ergebnisse in Woburn unmOglich machte, 
erbrachte nicht den geringsten Vorteil, sondern beeintrachtigte den Wert 
der Arbeit auBerordentlich. Eine Lehre kann man jedenfalls aus den 
Versuchen in Woburn ziehen: Wenn einmal ein Versuch auf lange Sicht 
begonnen ist, soli man zwischendurch den Versuchsplan nicht Undern. 

Den YoUst&ndigen Bericht daruber bringt die Monographic von 
Rothamsted „50 Jahre Feldversuche in Woburn“. Einige Kurven aus 
dieser Arbeit bringt Abb. 10. Diese unterscheiden sich von der sonst 
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fiblichen Form dadarcb, da£ die Zablen den Logaritlinius der Ertrage nnd 
nicht die Ertr&ge selbst darstellen. Diese Methode bat den Vorteil, daB 
sie einen Vergleich der einzelnen Bebandlungsarten gestattet. Der gleicb- 
mdtBige Verlauf dieser Knrven gibt die durcli die Verschieebternng bervor- 
gernfenen gleicbmaBigen prozentischen Verandernngen der Ertrage an. 

Alle Knrven zeigen ubereiustimmend am Anfaiig der Versuchszeit 
ein starkes nnd am 8chluB ein leichtes Ansteigen. Welche Sicberlieit man 
diesen Verandernngen beimessen kann, iaCt sich deshalb nicht sagen, weil 
die Anfangs- nnd die Endzahlen in den aufgestellten Serien nicht so 
znveriassig sein konnen wie die ubrigen. Die allgemeine Richtnng ist 
wabrscheinlich mafigebend, wenn anch die tatsaclilichen Werte nnsiclier 
sein mbgen. 

Die Tatsache, daB man bei alien Knrven zu Versnclisbeginn ein An- 
steigen beobaebten konnte, weist entweder darauf bin, daB in den aller- 
ersten Jabren die VVitterungsverlialtnisse stiindig selir giinstig waren Oder 
daB das Land zn Versnclisbeginn besser bearbeitet wnrde. Da das An- 
steigen sich sowohl auf den nngediingten wie anch anf den anderen Par- 
zellen bemerkbar niachte, kann man es naturlich niciit einer zunelimenden 
Wirksamkeit der Diingemittel znschreiben. 


Die Grade der Verschlecbterung: lu deni Zeilraum von 1877 bis 1906 sind: 



Parzelle 

Weizeu 

Doppel- 

zentner 

je 1 

Hektar , 
jahrlich | 

(ierste 

Doppel- 

zentner 

je 

Hektar 
jahrlich ; 

“/o 

Natronsalpeter . . 

3a 

0,334 

1.5H 

0.703 j 

2,25 

Uu^edtiiigt .... 

1 

0,410 

3,22 

0,701 

3,79 

UngeduiigL, . . . 

7 

0,286 

2,01 

0.-I25 i 

2,34 


Das aufi'allendste Ergebnis ist das, daB nnr eiiie Dungungsart die 
P>trage standig auf der gleichen Hdhe liielt, namlich Stallmistdiingung, 
die in den ersten 30 Jahren in einer Gabe von ungefalir 200 dz, in den 
letzten 20 Jahren in einer Menge von etwa 125 his 150 dz je Hektar 
im Jahr znr Aiiwendung kara. 

Keine andere Dungnngsme.thode erhielt die Ertrage so iioch. Kiinst- 
liche Volldiingung mit Natronsalpeter als StickstoftqueJle kani der Stall- 
mistdiingung am nachsten, bei Weizen bliob sie niclit ,weit hiuter ibr 
zuriick, bei Gerste dagegen zeigte sie sich weniger wirksam. Bei starkeren 
Dosen von Natronsalpeter ahnelt die Kurve fiir kiinstliche Diingemittel 
mebr derjenigen des Stallmistes. Gleicbe 8tickstoffgaben, z. B. 123 kg je 
Hektar Stickstolt* als Natronsalpeter, konnen mdglicherweise dazn luhren, 
daB der Untersebied, der in der Natur der organisclien Substaiiz begriindet 
liegt, vielleicbt selir gering wird. Diese IVIogliclikeit diirfte von einigem 
Interesse sein, weil der prozentische Kohlen- nnd Stickstobgebalt des 
Bodens anf Parzelle 9 abgenommen bat, ganz im Gegensatz zu der Stall- 
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mistparzelle. Das beweist nicht den oft vertretenen Standpnnkt, dafi 
Natronsalpeter bei alleiniger Anwendung den Boden besonders stark zu 
erschdpfen pflegt, obgleich diese Diingang naturlicli ohne Kali und Snper- 
phosphat weniger wirksara ist, als wenn die genannten Diingemittel zu- 
satzlich gegeben werden. Trotz des h<iheren Ertrags und der grdfiereu 
Beanspruchurig des Bodens in bezug auf Mineralsubstanzen ist die Ver- 
schlechterung auf den nur mit Natronsalpeter gediingtcn ParzelJen nicht 
schneller fortgescliritten als auf den ungediingten. 

Von den beiden Gruppen der in den Dungemitteln wirksamen Be- 
standteile ist fiir die Krhaltung der Weizenertriige der Stickstotf von 
grSBerer Bedeutung, wahrend fur die Krhaltung der Gerstenertrage die 
mineralischen Diingemittel von Wichtigkeit sind (Abb. 10). 

Dieser Unterschied zwischeii Weizen und Gerste fulirt noch zu einigen 
weiteren auffallenden hirgebnissen. Der Stickstotf behielt seine Wirksani- 
keit gegeniiber Weizen bei, steigerte Gesnoitertrag und Korncrtrag und 
hielt diese bis ziini Absclilufi des Versuclies sehr gut auf der gleichen 
Hbhc. Aber fiir Gerste liefi die Wirksamkeit des Stickstotfs nach, bier 
wurde die Steigerung in den sj>ateren .lahreu gcringer. i^Tabelle 58). So 
brachte beim Versuchsbeginn 46 kg Stickstotf', der als Natronsalpeter zu 
der kiinstlichen Volldungung zusatzlich gegeben wurde. eine Steigerung 
des Gesamtertrages um etwa 82 kg bei Gerste und 78 kg bei Weizen; 
in den letzten 20 Jahren bctrug die Zuuahme fiir Weizen 78 kg, fiir 
Gerste allerdiugs nur etwa 40 kg. Dagegen fiel der Ertrag bei W'eizen- 
parzellen ohne Stickstotigabe starker als bt‘i denjeuigen, die Stickstotf* 
erhalten batten, so dafi die prozentiscbe Zunalnne stieg. Die Steigerung 
machte sich auf Parzelle 9 mit der d()j)pelten Stickstotf'gabi' starker be- 


T a l) e 1 1 e ">H. 

Stoigerniig: diircb Natronsalpeter und StallmistdUngiin^:. 



Die ersten 15 Jahre 

Diezweiten loJabre 

Die letzten 20 Jahre 


Gerste 

Weizen 

G(‘r.>tft 1 Wei/eii 

Gerste 

Weizen 

Kornertrag je Kilograinm ziigefiihrteii Stickstoffs. 


Sfcallinistdimguiig . . . 

H 


10 K 

11 

8 

Natronsalpeter .... 
Wirksamkeit des Stick- 


24 

24 j 

IHM 

15«) 

25 

stoffes in Stallmistdiin- 



' 


guiig (N in Natronsal- 
peter =100) .... 

'JH 

24 

4:> ! ;j(i 

«7 

82 

(lesamtertrag je Kilogramm 

ziigefiihrten Stickstoffs. 


Stallmistdlingung . . . 

17 

17 

21 1 2U 

20 

24 

Natron.salpeter .... 
Wirksamkeit des Stick- 
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’) Parzelle 6, aber mit halber Dungung. 

Parzelle 0, aber dieselbe Diiiigung wie vorher. 
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merkbar als auf Parzelle 6 mit der einfachen. A Is nach 1906 die Stick- 
stoffduugung halbiert wurde, wurde die prozentaale Zunahme gleichfalls 
geringer. 

Bei Gerste erhdhte sicli die prozentuale ZuDahme fast in demselben 
Mafie wie bei Weizen auf den Parzellen ohne Mineralsalze, kam diese 
Dungung aber zur Anwendung, so liefi das Steigen der prozentnalen Zu- 
nahme betrachtlich nach. Aus dieser relativen Bestandigkeit kann man 
schliefien, dafi sich die Wirksamkeit des in der Stallmistdiingung enthaltenen 
Stickstoffs — wenn man den im Natronsalpeter vorhandenen = 100 
setzt — bei Gerste wahrend der ganzen Versuchsdauer, bei Weizen bis 
zn einem bestimmten Zeitpunkt erhbht (Tabelle 53). 

Im engen Zusarnmenhang mit der Versclilcchterung des Ertrages — 
nnd wahrscheinlich als unmittelbare IJrsache dafiir — stelit eine ver- 
minderte 8tickstoiIaufnahme der Ptianze. AJit dieser Folge liatte man nur 
bei den Parzellen ohne Stickstoff gereclmet. In den ersteii ,Jahren nahm 
die Gerste annahernd H2 kg je Hektar Stickstoff aus dem Hodcm auf, in 
den letzten .lahreii nur 9 kg je Hektar aus der ungediingten iind 13 kg 
je Hektar aus der nur mit Mineralsalzen gediingten Parzelle. Hieraus 
konnte geschlossen werden, dafi der wirksame Stickstoff verbraucht war; 
aber ein ahnliches, allerdings entsprechend geringeres Abfallen kam auch 
bei den jiihrlicli mit Natronsalpeter gediingten Parzellen vor. 

In den loJahren, von 1877 bis 1891, war die Ertragsdriickung nur 
gering; die Gerste auf Parzelle 6 nahm uugefahr bO kg Stickstof je Hektar 
jahrlich auf, das heifit 38 kg melir als auf Parzelle 4 ohne Natronsalpeter, 
was einer Ausnutzung von etwa 90 ‘Vo gloichkommt. Als sich die Ver- 
schlechterung in den letzten fiinfJaliren, 1922 bis 1926, deutlich bomerk- 
bar maclite, betrug die Stickstotfaufnahme der Gerste durchschnittlich nur 
ungefahr 22 kg je Hektar, also annahernd 10 kg melir als auf Parzelle 4, 
mit einer Ausnutzung von nur etwa 45 

• Abgesehen von der Grdfie konnte man an den Ptianzen kaum eine 
Verandcrung wahrnehmen. Im Vergleich zu den vergangenen Jahren war 
das Stroll natiirlich kiirzer geworden und das Verhaltiiis von Korn zu Stroh 
blieb gleich, bis es gegen den Schlufi der 50 Jahrc tiel; wie spilter ge- 
zeigt wird, war dieses Absinken nur scheinbar und nicht wirklich. Auch 
das Hektoliter-Gewicht des Korns und das lOOO-Korngewicht bewegten 
sich wahrend der ganzen Zeit ungefahr in der gleichen Hohe; sie zeigten 
keine eigentliche Tendenz ziim Fallen, erst gegen Ende des Versuches 
setzt diese ein. Solche geringe Abweichungen traten bei Gerste starker 
auf als bei Weizen. Der Stickstotfgehalt der Gerste pflegte stabil zu seiii, 
Schwankungen nach oben Oder unten traten nicht auf. 

Wie zu Beginn so zeigte auch gegen Abschlufi des Versuches der 
von den Pflanzen aiifgenommene Stickstoff dieselb(‘- waclistnmsfbrdernde 
Wirkung. Sowohl in den ersten wi? in den letzten Versuchsjahren ent- 
sprach jedes Kilograrara aufgenommenen Stickstoffs ungefahr 100 dz des 
Gesamtertrages. 
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Im Laufe des Versuchs waren wiederholt Bodenproben den verschie- 
denen Parzellen entnommen worden und diese sind in Rothamsted unter 
Dr. Crow tiler’s Leitung nntersucht worden, Ein Einzelversuch liber 
Kohlen- und Stickstoffgehalt der Bdden ist 1P83 von A. Walkley durch- 
gefiihrt worden. Beim Versuchsbeginn 1876 war der Gehalt an Kohlen- 
stoiF und StickstolF gleich hoch; im Vcrlauf des Versnches fiel er, nur die 
Stallmistparzelle wurde davon nicht betroffen. Die Zalilen hierfur, ausge- 
driickt in Prozenten des Jufttrockenen Bodens, sind etwa folgende: 



Zu 

1 Beim Abschlutt des Veisuohes 1026 


Beginn 
des Ver- 
suches 
1870 

Parzelle 

mit 

Stallmistdttngung 

I’ugediingte 
und nur mit kUust- 
lichen Milteln 
gediingte I’lir/elle 

Kohlenstoff 
Stickstoff . . . 

1,18 

0,155 

1,5 

0,15 

1,0 

0,00 


Die verschiedeuen kiinstlichen Diingnngsgaben verhielten sich an- 
niihernd gleich. Audi zwisdien Weizen- und Gerstenpar/ellen bestanden 
kaum Unterschiede; falls diese vorhanden waren. sind sie nicht auf die 
Frucht Oder auf die Diingung zuriickzufuliren, >sond('rn konnen unbedenk- 
lich den (Jngleichmafiigkeiten im Boden zugeschrieben ^verden. Die Zahlen 
fiir Kohlenstotl* sind nicht als unbedingt zuverlassig anzusehen, weil auf 
einigen Parzellen Restteile von Kohle gefunden worden sind, deren Her- 
kunft und Menge sich nicht feststellen liifit. Die in Tabelle 16 nieder- 
gelegteii Zahlen fiir Stickstoft' gewlihren eine groUere Siclierheit und 
lasscn SchluSfolgerungen hinsichtlich der Veranderungen in der Menge 
der organischen Substanz zu. 

Andererseits sind diese Zahlen kein Beweis dafiir, dali sowohl hin- 
sichtlich des Versuclisverlaufes als auch hinsichtlich der einzelnen Parzellen 
untereinander kein Dnterschied in der Natnr der organischen Boden- 
substanz besteht. Das Verhaltnis Kohlenstotl*- zu Stickstoffgehalt des 
Bodens bleibt auf ungefiilir 9,7; zwisclien der ungedungten und der Stall- 
mistparzelle einerseits und den ersten und letzten Versuchsjahreii anderer- 
seits konnte nicht der geringste Unterschied festgestellt werden*). 

Das Nachlassen in der Menge der organischen Bodensubstanz zeigt 
offenbar Ahnlichkeiten mit der Venschlechterung der Ertrkge, obgleich 
hierfiir keine enge Beziehnug besteht. So ist z. B. keine Beziehung vor- 
banden zwisclien Kohlen- oder Stickstulfgehalt der Hbden am Schlufi der 
Versuchsperiode nnd den durchschnittlichen Ertragen in den vorhergehen- 
den zehn Jahren. 

Innerhalb der 50jahrigen Versuchszeit verminderten sich /war auch 
die im Boden ersetzbaren Basen; aber diese Veranderungen kbnnen, wie 
zu erwarten war, ganz eindeutig auf die Diingung zuruckgefuhrt werden. 

') Ein hOheres Verhaltnis zeigten einige Weizenparzeilen ; aher es waren diejenigen, 
bci welchen Kohleteilchen gefunden worden waren. 
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Tabelle 54. 

Eraetzbarea Kalzlmn in Milllgrramin gloichbedeutend mil 100 g Boden 
zn TerscUiedenen Zeiton. 



Par- 

Gerste-Parzellen 

Weizen-Parzellen 


zelle 

1888 

i 

1898 

1927 

1888 

1898 j 

1 

1927 

Ungediingt 

1 

6,85 

6,72 

3,76 

7,08 

6,96 

4,76 

UngedUngt 

7 

7,20 

— 

4,03 

7,71 

i — 

4,08 

Nur Mineralsalze 

4 

5,53 

5,13 

! 4,96 

7,16 

i 6,01 

6,23 

Schwefelsaures Ammoniak -f- Mineral- 
salze 

5a 

5,44 

3,65 

1 

1,56 

6,47 

1 

4,36 

1,82 

Natronsalpeter + Mineralsalze . . 

6 

7,12 1 

__ 

5,46 

6,81 

8,41 

— 

5,24 

Stallmistdilncruiur 

lib 

7,67 

— 

6,44 

i — 

6,06 


Die Ergebnisse fur Kalzium (den bei weitem wichtigsten Bestandteil) 
in der Bodenoberflache (23 cmj bringt Tabelle 54. 

Man konnte hier auf alien Parzellen ein Abfallen beobachten, das 
in einer gewissen Bezielmng zu der Versclilechterung stelit. Am deut- 
lichsten tritt es bei den sauren Parzellen auf, man findet es auch, wenn 
aucli nicht so ausgepragt, anf den Parzellen ohne Stickstolt’dungung; das 
Sinken ist am geringsten auf den Parzellen, die StallmLstdiingung Oder 
kiinstliche Volldiingung mit Natronsalpeter als Stickstoffquelle erhalten 
haben. Vollstandige Angaben uber die anderen Basen fehleu: diese sind 
auch nur in geriugen Mengen vorhanden. Magnesium ist nocli von einer 
gewissen Bedeutung, aber soweit Ergebnisse dafiir vorliegeii, bewegen 
sich die Verauderungen in der gleichen Richtung wie bei Kalzium. 


Wirkung der Brache. 

Welclie IJrsache die Versclilechterung auch haben mag, sie kann fiir 
eine gewisse Zeit durch eine Voll-Brache aufgehoben werden. Nach Ab- 


Tabelle 55. 

Elnllufi dor Braclio hinsichtlich der Wiederliei>teUuiiff 
der Produktivitdt nach danerndoni Anbau. 



Un- 
gediingt ! 

Nur 

Mineral- 

salze 

Nur 

Natron- 

salpeter 

Natron- i 
salpeter-f- 
Mineral- | 
salze 

1 

Stallmist- 
! diiugung 


Parzelle 

Parzelle 

Parzelle 

Parzelle 

Parzelle 


1 und 7 I 

i ^ 

3 a und h 

9>} 

11a 

Die letzten 5 Jahre des dauernden 


1 


6,9 

13,8 

Anbaus, 1922 bis 1926. . . , 

3,4 

4,9 

5,3 

Nach einer zweijiihrigen Brache 

(bis 1928) 

Die ersten ftinf Jahre 1877 bis 1881. 

11,8 

12,3 

' 1H,2 I 

i 

21,6 

20,2 

Verschlechteruiig nicht festzu- 
stellen 

18,7 

12,6 

20,0 

1 

20,8 

21,1 


‘) E.M.Crowtherund J. K. Basu, Journ. Agr. Sci. Vol 21, p. 639 Die land- 
wirtschaftliche Bedeutung dieser Ver&nderungen wird von E. M. Orowther behandelt in 
Journal Boy. Agr. Soc. 1932, Vol. 93. 
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Bchlufi der SOjahrigen Versuchszeit blieben die Parzellen fur die beiden 
Jahre 1927 und 1928 brach. 1929 warden sie wieder bestellt, aber nicht 
gediingt. 

Die Wirkung dieser zweijahrigen Brache war deutlich zu bemerken. 
Anf den meisten Parzellen stiegen die Ertrage bis zu der Hdhe der ersten 
funf Jahre (1876 bis 1881), als sichnoch keine Anzeichen der Verschlechterung 
bemerkbar gemacht batten. Nur Parzellen mit schwefelsaurem Ammoniak, 
die saner geworden waren, wichen ab; auf Saure hat die Brache augen- 
scheinlich wenig Einflufi. Die Kornertrage fiir Gerste in Doppelzentner 
je Hektar bringt Tabelle 55 (und anch Tabelle 48). 

Der Haupterfolg der Brache dauert nur ein Jahr; danach sinken die 
Ertrage betrachtlich. 

Wirkung des Fruchtwechsel s. 

Die Verschlechterung ist nicht allein auf das J^and mit Daueranbau 
beschrankt, sie tritt auch auf dem Land mit P>uchtwecliseJ auf. Auf dem 
anderen Teil des Stackyard -Feldes ist ein Fruchtwechselversuch dorch- 
gefiihrt, der sowohl Weizen als auch Gerste umfafit. Die in Tabelle 56 
zusammengefafiten P]rgebnisse zeigen verschiedentlich ein starkeres Ab- 
fallen als auf den Parzellen mit standigeni W eizen- Oder Gerstenbau. Ein 
Vergleich zwiscJien Daueranbau und PTuclitwetdiseJ lafit sich ini einzelnen 

Tabelle 50. 

VerjjJeieli der Weizen- mid i>1eiier1i}!^e bei Pniieraiibaii iiitd I'riuhtYieeliiiiel 
mif dem Slaekynrd-Feld in W’obiirn. 
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nicht durchflihren, weil die Diingung verschieden gewesen ist; die Parzellen 
mit Fruchtwechsel haben viel weniger Diinger erhalten als Weizen- Oder 
Gerstenparzellen im Daueranbau. 

Bei dieseni Vergloich sind nnr die .lahre herangezogen, in welchen 
Oerste bcini P^ruchtwechselversuch angebant worden war. Wahrend jeder 
der beiden ersten Zeitraume war Gerste siebeiimal, innerJialb der letzten 
Perioile sechsmal angebaut worden. 

Bei der Berechnung der durclischnittlichen Werte ist der Weizen iin 
Jahre 1931 nicht beriicksichtigt worden, weil er anf dem Agdcll-Feld 
diirch mangelnde Keinifahigkeit Oder Frostschaden kaum gekommen war. 

Die Krgebnisse von Wobnrn lehren weiter, dafi die Yerschlecliterung 
diirch kJeiiie Gaben organischer Substanzen niciit aufgehalten werden 
kann. Fine Zeitlang erliielten die ini Fruchtwechsel stehenden Parzellen 
alle vier Jahre eine geririge Menge Stallmist [ 7 d bis 100 dz je Hektarj 
iind z\vei Jahn; spilter wurden auf den Kubenparzellen Schafe gepfercht, 
die mit kleinen Mengen Kiichen oder Korn gefiittert wurden. Leider ist 
der Di’ingungsplan so viel geiindert worden, da6 man liber die Wirkungen 
d(‘r einzelnen Diingemittel kein siclieres Krteil abgeben kann; jedenfalls 
war die Gesamtwirkung der Dungungen so unzuliinglicli, daft die Ver- 
schlechtening nicht aufgehalten werden konnte. Auf den Grimdiingungs- 
jiarzellen wurde jedes Jahr Senf oder Wicke eingeptliigt, aber auch bier 
nahm die Verschlechlerung genau so schneli zii wie auf den ungediingten 
Parzellen. 

Auf dem Agdell-Keld in Kothamsted, wo seit 1848 im viermaligen 
Fnichtw’echsel Kiibeu, (ierste, Klee und W eizen angebaut war, zeigte sich 
bei Klee*Ruckstaiiden eiii ahnlicher \achteil insofern, als auch diese die 
Versclilechteruug nicht verhiiten konnten (TabeJle 57). Stallmistdiingung 
Ijatten diese Parzellen nicht erhalten. 

T a b e 1 1 e .IT 

Woizen- iiiid (ii5r>i.*ui5rtriljf« Ikm Daiieraubaii und bid Friicbtwrchsel. 

(I)un‘lis('buitt YOU drid XtdtrUtiiiii'ii) Itotbamslcd. 

Konu?rtrjig in DoppelzentiU'r je llrkt^r. 
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dafi die Ertrftge der in Fruchtwechsel stelienden Parzellen mit sehr kleinen 
Stickstoffgaben fast die gleiche H6he erreichen wie die Ertr&ge der Par- 
zellen im Daueranbau, die bedentend mehr Stickstoff erhalten haben. Aber 
wie gerade die st^rkeren Diingegaben bei Daueranbau eine Verschlecbterung 
nicht verhindern kbnnen, ebensowenig kann das der Fruchtwechsel allein, 
Zweifellos wiirde die Verwenduog von Stallmist beim Fruchtwechselversuch 
den Eintritt einer Verschlecbterung vermeiden, wie das in der Praxis 
tatsachlich der Fall ist. Es ware interessant, festzustellen, welche Dlinger- 
menge auf den Parzellen mit Fruchtwechsel einer Dungergabe von 200 dz 
Stallmist auf den Parzellen mit Daueranbau entsprechen wiirde 

Die Ausfuhrungen liber die Verschlecbterung lassen sich in folgende 
Punkte zusammenfassen: 

1. Im Laufe der Jahre failt die von den Pflauzen aus dem Boden 
aufgenommene Stickstoffmenge sehr betrachtlich und in dem 
gleichen MaBe lafit auch das Wachstum der Pflanzen nach. 

2. Die Ertragsdriickung ist auf die in den Pflanzen vor sich gehenden 
Prozesse ohne EinfluB. Sie verandert weder die Wirkung des zur 
Bildung von Pflanzensubstanz aufgenommenen Stickstoffs noch den 
zur Kornbildung in der Ptianze weiterwandernden Anteil an Stick- 
stoff Oder den prozentischen Stickstoffgehalt im Korn oder das 
,,busheP‘-Gewicht des Korns. Dieses kann allerdings abnehmen, 
wenn die Verschlecbterung sehr stark wird. 

8. Keine Verschlecbterung Oder nur eine geringe zeigl sich bei Par- 
zellen, die ungefahr 200 dz Stallmist (etwa 128 kg Stickstoff je 
Hektar) jaiirlich erhalten liaben. Bei kunstlicher Volldiingung 
nimmt die Verschlecbterung bereits etwas zu; sie niaclit sich auf 
den unvollstandig Oder nicht gedungten Parzellen starker be- 
merkbar und tritt auf den sauren Parzellen am deutlichsten in 
Krscheinung. 

4. Die Verschlecbterung bringt eine Abnahme im (iehalt an Kohlen- 
stoff, Stickstoff, ersetzbarem Kalzium und anderen im Boden vor- 
handenen Basen mit sich; aber die Abnahme erfolgt nicht genau 
proportional der Verschlechterung. Bei der Stallniistparzelle konnte 
man weder eine Verschlechterung ini Krtrag noch eine Abnahme 
an Stickstoff feststelleii. Auf den Parzellen ohne kunstliche Diingung 
konnte man sowohl eine Verschlechterung als auch einen Stick- 
stoffverlust deutlich beobachten, bei den Parzellen mit kunstlicher 
Volldiingung war die Stickstoffabnahme fast dieselbe, wenn auch nicht 
ganz so groB, aber die Krtragsdruckung war geringer. Anderer- 
seits entspricht bei den ungediingteu oder nur kiinstlich gediingten 
Parzellen die Abnahme an ersetzbaien Basen dem Mafie der Ver- 
schlechterung. Allerdings ist auf den Stallniistparzelleii, die keine 
Verschlechterung aufweisen, der Verlnst an Basen sehr grofi. 

5. Die Brache kann die Verschlechterung zeitweilig aufhalten, aber 
nach dem ersten Jahre fallen die Ertrftge schnell bis auf ihren 
alten Stand zuriick. 
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6. Die Verschlechteruog ist koine fiir den Daneranbau charakteri- 
stische Folgeerscheinung; sie tritt anch bei den in Fruchtwechsel 
stehenden Parzellen auf, wenn diese sogar Klee als Grundungnng, 
allerdings keinen Stallmist, erbalten haben. 

Die durch Unkraut liervorgerufenen Veranderungen erschweren eine 
Erkliiriing. Sobald das Absinken der Krtrilge einsetzt, vermehrt sich das 
I nkrant und seine Ausrottung ist niit den grofiten Schwierigkeiten ver- 
kniipft. Ks entzieht den Pflanzen oberlialb des Bodens das Licht und 
im Boden Feuchtigkeit und Nahrstoffe und schadigt so die bereits 
kiinimernden Pflanzen. Zur Krnte werden die Halme des Unkrauts mit 
erfafit und mit dem Stroh gewogen, so dafi dadurch das Verhaltnis Korn 
zu Stroh unter seinen eigentlichen Wert fallt. Die Brachezeit hat eine 
Ausmerzung des Unkrautes zur Folge und bei der ersten Ernte nach der 
Brache komnit kein Unkraut vor; aber in den spateren dahren mit den 
geringeren Ertriigen tritt das Unkraut bald wicder in demselben Umfang 
wie friiher auf. 

Es durfte unmdglich sein, sarntliche Verschlechterungserscheinungen 
auf das Unkraut zuriickzufuhren. Man konnte daraus schlieflen, dafi das 
Jjand niemals wieder deii guteii Zustaud der Jahre 1870 bis 1891 er- 
reicht hat, daU die Bearbeitung regelraafiig nachliefi und in dem Zeitrauin 
von 1922 bis 1920 am wenigsten erfolgreich war. 

Eine andere Erklarungsmoglichkeit deutet auf die alte, vor 100 
Jahren von Candolle aufgestellte Hypo these bin, dafi die Absonderungen 
der Pflanzenwurzeln fiir die eigene Art schiidlicli, fiir andere PHanzen- 
gattungen aber ohne Nachteil sind. Diese Ansicht ist nicht bewiesen; 
gegen diese Annahme spricht jedenfalls die Tatsache, daB die Verschlech- 
terungen sowolil bei den Parzellen mit Fruchtwechsel als auch bei den- 
jeiiigen mit Daueranbau auftreten. 

Zur Erklarung der Verschlechterungen konnte weiterhin das ver- 
stiirkle Auftreten von Krankheiten in Betracht gezogen werden, eine 
Tatsache, die fiir die Verhaltnisse in Woburn vielleicht von Wichtigkeit 
ist. Eine FuBkrankheit (Ophiobolus graminis) verursacht dort groBe Ver- 
luste: leider laBt sich aus den Aufzeichnungen nicht entnehmen, wann 
die Krankheit zuerst auftrat. Aber fiir die Verschlechteruog sind die 
Krankheiten im Grunde doch nur von untergeordneter Bedeutung, denn 
sic kommen fur Rothamsted z. B. kaum in Frage. 

Die wahrscheinlichste Ursache tiir die Verschlecliterung scheint die 
Abnahme an solchen Bodensubstanzen zu sein, die unter Feldbedingungen 
fiir das richtige Wachstum der Pflanze notwendig sind. Die Tatsache, 
daB kiinstliche Diingemittel die Verschlechterung nicht vollstandig auf- 
halten, zeigt, dafi der fehlende Bestandteil weder Kali noch Phosphor 
ist; es kann sich auch nicht urn Stickstoff handeln, da die Ertragssteigerung 
je Kilogramm Stickstoff mit fortschreitender Verschlechterung abnimmt, 
Es lilfit sich sehr schwer entscheiden, ob die Verschlechterung hervor- 
gerufen wird durch eine ErschOpfung an etwas weniger wichtigen Bestand- 
teilen wie Bor oder Mangan, ob’gleich die von Hugh Ramage in Norwich 
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durchgefiihrte spektroskopische Priifung der Pflanzenasche einen Mangel 
an diesen Snbstanzen nicht ergab; diese Tatsache kann aber nicht als 
Beweis gewertet werden. Wahrscheinlich steht die Versclilechterung mit 
der Abnahme der organischen Snbstanzen in Ziisammenhang. Eine Er- 
kiarung hierfiir ist nicht leicht. In Woburn sowohl als auch in Hothamsted 
war der Boden von guter physikalischer Bescliaffenlieit, und wenn die 
Wirknng der organischen Snbstanzen auf die Ernahrung der Pflanze nnr 
in einer Versorgnng niit Stickstoff bestande, liiBt sicli kanin verstehen, 
warnm kiinstliche Diingemittel ntcht den gleichen EinduB haben sollten. 

Es ist klar, dafi nicht alle Arten organischer Snbstanzen diese Wir- 
kung haben. Weder Rapskuchen noch das Eiiipfliigen von Sent* Oder VVlcke 
Oder der Mist eingepferchter Schafe Oder Slallmist in geringen Mengen 
konnten eine Versclilechterung verhiiten, nnr Stallmist in verhaltnismaBig 
hohen Gaben konnte dieses erreichen. 

Beobachtungen lehrten, dafi die wirksainen BestandteiJe ini Stroh 
vorhanden sein mussen. Versuche ergahen, dafi iinzersetztes Stroh allein 
die Bodenfruchtbarkeit nicht erhdht, dafi sich aber wahrend des Zer- 
setzungsprozesses das Lignin des Strohs mit Protein verbindct und Humus 
ergibt. Es ist nicht bekannt, ob die Versclilechterung auf den Verlust 
an Humus Oder irgendeinem anderen Zersetzungsprodukt des Strohs zu- 
ruckzufuhren ist. Her Verlust an Hamus ist nnr relativ, denn selbst auf 
den am meisten erschdpften Parzellen blcibt noch ungefiihr 0,9 Kohlen- 
und 0,09 Stickstoff zuriick. ICs liegt iiherhaupt kein Grund zu der 
Annahme vor, dafi dieser zuriickgebliebene Humus sich gegenuber deni 
Pflanzenwachstum resistenter Oder weniger wirksam erweist als der ver- 
brauchte Humus. Die beiden sind chemisch aber nicht unterscheidbar. 
Wenn Humus der wirksame Bestandteil ist, konnen wir nur vermuten, 
dafi bei der hier vorliegenden Hdhe des Humusgehaltes die Bodenfrucbt- 
barkeit je nach dem Prozentsatz des vorhandenen Humus steigt und filllt. 
Aber zurzeit kann man hier nur von einer Mbglichkeit spreclien; eine 
BestS-tigung ergeben erst weitere Versuche. 

Selbst wenn der Beweis erbracht ist, dafi Humus den wirksamen 
Bestandteil darstellt, bleibt immer noch zu erforschen, wie diese Wirknng 
vor sich geht. 

Dieser Frage der Versclilechterung kam niemals ein praktischer 
Wert zu, solange es in der Praxis iiblich war, Feldbau durchzufuhren in 
vier- Oder funfjahrigem Frachtwechsel mit einer einmaligen guten Stali- 
mistdiingung fiir diese Zeit, und Schafe auf Gras- und Rubenfliichen zu 
pferchen. Auch fiir die Handelsgiirtnerei spielte die Verschlechterung 
keine Rolle, solange die Gartner Gelegenheit hatten, aus den Stadten 
•grofie Mengen Stallmist billig zu erhalten. Die Frage der Verschlechterung 
wurde fiir die Gartner erst dann aktuell, als ihnen mit der VerdrS-ngung 
der Pferde in der Stadt durch die Motoren ihre Zufuhr an Stallmist ab- 
geschnitten wurde. An Bedeutung gewann diese Frage auch fiir die so- 
genannten „mechanisierten Bauern", die stSlndig eine grbfiere Flftche 
Land bebauen, als es ihrem Viehbestand entspricht. 
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8eit einigen Jahren laufen in Rothamsted Versuche, die jetzt eben- 
falls in Woburn begonnen warden, zur Klarung der Frage, ob Stroh auBer 
als Stallmist auch noch in anderer Form dem Boden nutzbar zugefiihrt 
werden kann. Zwei Methoden sind genau gepriift worden: einmal laBt 
man das Stroh mit Hilfe von Mikroorganisraen verrotten, diese Methode 
ist der allgemein bekannte Adco-Prozefi, der sich auf die in Rothamsted 
von Hutchinson und Richards durchgefiihrten Versuche aufbaut; bei 
der zweiten Versuchsanordnung pfliigt man das Stroh ein und fugt gleich- 
zeitig die fur die Mikroorganismen notwendigen Niihrstoffe in Gestalt 
eiuer Gabe kiinstlicher Diingemittel bei. Mit Stallmist ist ein Vergleichs- 
versuch angestellt worden, dessen Resuliate zu gegebener Zeit ver- 
offentlicht werden sollen. 

Die U n s i c h e r h e i t der G r u n d ij n g u n g e n. 

Kin anderes Krgebnis, mit dem man bei den Vcrsiichen in Woburn 
nicht gereclinet hatte, bestand darin, daB Grundiingungen fur die Ver- 
besserung der Weizenernte versagtec. Beide Methoden, Senf und Wicke, 
warden erprobt: sie hatten ein leiclites Ansteigen der organischen Sub- 
stanz zur Folge und im Vergieich zu Senf enthielt Wicke im Durchschnitt 
45 kg je Hektar raehr Stickstolf, der wahrscheinlich aus der Luft ge- 
wonnen war. Tabelle 58 bringt einige neue Ergebnisse. 


T a b e 1 1 1 * 58 

Durch^cliniltliclior Erirag in Doppolzoiitner j«‘ Hoktar 
nacli oingepfliigtou (ffrtlDdiiiiguiigi'ii mit Senf und Wirko. 


■ ' 

1 stackyard 1 

Lansome 

1 Beide Felder 


Senf 

Wicken 

! 

Seiif Wicken 

1 

j 

Senf 

j 

Wicken 


Frischge wicht 


1. Ernte 

2. Ernte 

37, :o) 

102.7') 

6.5') 

67.9 

29.9 

101,4 

74,7 

54,8 

21,4 

102,0 

40,7 

Durchschnitt 

27,4 

64,3 

55,3 

H2,4 

42,6 

79,6 


T ro ck e n 8 ub s t an z. 




1 . Ernte 

7,5 

17,8 

16,2 

24,1 

11,8 

21,0 

2. Ernte 

3,6 

5,8 

4,8 

10,6 

4,1 

7,7 

Durchschnitt 

5,8 

12,7 

12,4 

19,6 

8,9 1 

1 16,0 

Stickstoff in Kilogramm je Hektar. 



1. Ernte 

13 

60 

28 

83 

21 

72 

2. Ernte 

11 

25 

12 

72 

11 

1 44 

Durchschnitt 

13 

45 

22 

78 

18 

62 


Stackyard. Laiisoine. 

1 Ernte 1930 bis 1933 1. Ernte .... 1902, 1905, 1930, 1932 

2. Ernte 1930 bis 1932 2. Ernto 1930, 1932 


1) Nut drei Jabre, 1931 bis 1933. 

*) Nur zwei Jahre, 1931 und 1932. 





S. I. BiHwell: 


2 ^ 


Tabelle 69. 
Stackyard Feld. 

(Doppelzentner ]e Hektar) 


Jahre 

Nach 

Wicke 

Nach 

Raps 

Nach 

Senf 

Miitel der 
ungedUngten 
Parzellen 

1 und 7 

1912 bis 1914 bis 1916 bis 1918 

24, b 

27, b 

2b, b 

16,0 

and 1920 . . . 





1922 bis 1926 

15,1 

— 1 

12,6 

10,4 

1927 bis 1931 . 

14,1 

— 

11,9 

10,6 

1932 bis 1933 . . 

23,2 

— 

19,b 

14,0 


Dennoeb hatte die Grundungung fast keinen Erfolg. die Ertrags- 
druckuDg machte sich bier ungefabr im gleicben Mafie bemerkbar wie auf 
ungedungten Parzellen. (Tab. 59) Das Ergebnis steht im aulFallenden 
Gegensatz zu denjenigen der anderen Versuche, in welcben Keste von 
Klee und Lupinen die nacbfolgende Ernte zweilellos gunstig beeinfloBten. 
Zwiscben Klee und Sent konnten zwei Vergleiclisvorsuche dureligetubrt 
werden 

1. Wabrend des Zeitraumes von 1905 bis 1910 wuide bei den Fruebt- 
wechselversucben als Grundungung statt Klee Senf verwendet, ein so- 
tortiges und betracbtliches Sinken dtr \\ eizenertrage 'war die Folge Als 
Grundungungen wieder mit Klee durchgetulirt wurden, stiegen auch die 
Ertrage Der Gesamtertrag in Doppelzentner )e Hektai betiug 


Jahr 

Nach 

Klee 

Jahr 

1 

Nach 

Senf 

Jnhi 

Nach 

Klee 

1886 bis 1889 

4b, 1 

1 

190b bis 1907 • 

57,9 

1912 bm 1911 

38,2 

1890 bis 1893 

61,8 

1908 bis 1910 

28,4 



1894 bis 1897 

1 48,7 

1911 bis 1912 1 

20,3 




2. In funt einzelnen Jahren war Weizen in den Frucbtweobselver- 
sneben nacb Klee, im angrenzenden Grundungungb\ersucb nacb Wicke 
und Sent angebant worden; die anderen Bebandlungsmetboden waren 
gleicb. In alien Fkllen waren die Ertrage nacb Klee bober als nacb einer 
der anderen Grundungungen, sie betrugen in Doppelzentner je Hektar 
des Gesamtertrages 


Nach 


Nach Nach 


Klee 


Wicke Seuf 


1920 

1924 

1925 

1928 

1929 


44.6 
16,8 

47.7 
33,9 
28,4 


22, b 

16,7 

15.6 

16.6 
16,4 


23, b 
17,8 
10,b 

17.7 

14.7 


Dnrchschiiitt 


34,2 


17,3 


17,0 


') 1927 und 1928 Brache 
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Da Analysen des Ertrages nicht dnrchgefiihrt und Proben nicht auf- 
gehoben worden waren^ ist es nicht moglich, anch nur annahernd, die 
Menge des in den Weizenpflanzen enthaltenen nnd wahrscheinlich von 
dem Klee stammenden Stickstoffs festzustellen. Wir konnen sie nnr schatzen 
auf Grand von Warington’s durchschnittlicher Stickstoflfbestimmung, 
nach welcher der Stickstoffgehalt der Weizenpflanze 1 kg je Doppelzentner 
Gesamtertrag betragt. Danach ergeben sich fiir den Stickstoff der Pflanzen 
und fiir den wahrscheinlich durch Klee ersetzten Stickstoif folgende Werte; 

Kilogramm je Hektar jkhrlich. 


1877 bis 1885 1880 bis 1897 1905 bis 1910 | 1911 bis 19:il 

90 I 52 ! 44 I 38 

Unabhilngig davon gelangt man zu einer Schatzung aus der Uber- 
legung, dafi in 25 Jahren des mittleren Zeitraumes 1886 bis 1910 der 
auf Klee folgende Weizen beinahe so gate Ertrage brachte wie Parzelle 6 
der Daueranbau-Reihen mit kiinstlicher Volldiingiing einschliefilich 2,8 dz 
je Hektar Natronsalpeter, eine Menge, die 46 kg Stickstoif entspricht 
Natiirlich stellt dieser Wert nicht den ganzen durch Klee fixierten Stick- 
stoff, sondern nur einen Bruchteil der von dem Weizen aufgenommenen 
Menge dar. Wenn die nach Weizen folgenden Fruchte in Betracht ge- 
zogen werden, scheint der Stickstoff', den der Klee in den Jahren des 
Wachstums festgelegt hat. ungefiihr dreimal so hoch zu sein, etwa 150 kg 
je Hektar. Aber diese Schatzung ist sehr ungenau. 

Die Versuche mit Lupinen lassen sich nicht genau mit den oben 
beschriebenen vergleichen, weil die Lupinen im Fruhjahr angebaut und 
im Juli untergepfliigt werden; unmittelbar danach wurde Kohl ausgesat. 
Der Versuch wurde so angelegt, um den anteiligon Diingewert der 
Wurzeln und Stengelteile zu erproben. Nur die Stengelteile haben einen, 
allerdings sehr ausgepragten Wert (Tabelle 60). 

Ta belle 60. 

Kohlernten nach eingepflUgrten Lnpinen, 19840* 


1. Nichts (Lupinenwurzeln und Stengelteile entfernt) 

2. Lupinen, nur Wurzeln 

3. Lupinen, ganze Pflanze (Wurzeln und Stengelteile) . 

4. Lupinen, ganze Pflanze + Stengelteile von Parzelle 2 

') Jahresbericht von Rothamsted 1934, S, 28. 
Lmttdm. Jb. Bd, 84 Hwfi 2 


EingepflUgt 


Sti<;kstoff- 

gehalt 

der 

eingepfliigten 
Pflanzen- 
Siibstanzen 
in Kilogramm 
je Hektar 

Kohl- 
Ertrag 
in Doppel- 
zentner 
je Hektar 

0 

88,7 

12,6 

79,6 

149,6 

167,8 

287 

212,8 


17 







* £. J. Rossdll : 


Der Boden in Rothamsted ist viel schwerer als der in Woburn, so 
dafi mit einer ganz verschiedenen Reaktion der Bbden auf GrundunguUg 
gerechnet werden mufite. Doch erwies sich sowohl in Rothamsted als auch 
in Woburn die im Herbst gesate Wicke gegeniiber den nachfolgenden, im 
Friihjahr gesaten Pflanzen ohne Einflufi; dagegen zeigte im Herbst 
gesater Roggen fur Gerste und Zuckerruben deutlich eine nachteilige 
Wirkung (Tabelle 61). 


Tabelle (>J. 

RotliaiiiMedi Wirkung der Oriindiiiigiing aiif versrhh-dene Kultiirptlaiizeu. 
Nacli diirclisrJinittlicli gleielirii DUngungcn 
orgaben sich 1U34 folgendo Ertritgo in Duppeixontuern Jo licktar: 





Gerste 

1 Znckerrdben 


Kartoffeln 


j 




Kf>rn 

j Stroll 

Riiben 

BLatt 

Keine Grtindtinguiig 

148,4 

139,2 

34,2 

! ;i7,7 

317,0 

267,0 

Wicken, eingepfltigt 

Rofireren, einffenfliigrt 

34,2 

37,8 

297,9 

228,6 

154.2 

25.4 

31.4 

291.1 

149.7 


Eriite der Grun<lUnguiigen am \:i. April: 

Roggen dz BMschgewicht, IH dz Trockensubstanz, 
Wicken 15 dz Frinchgewicbt. 1,5 dz I’rockensubstanz. 


Eine Anzalil in den verschiedenen Teilen des Landes nach dem 
Versuchsplan der Kdniglichen Landwirtschafts-Gesellschaft durchgefiihrte 
Prufungen ergaben auch negative Resnltate.M Das Problem der Griin- 
diingung mufi otfenbar erst einmal intensiv bearbeitet werden. Diese 
Dungungsmethode kann nicht elier allgemein empfohlen werden, bis roan 
durch sorgfaltige Versuche die fiir eine erfolgreiclie Anwendung der Griin- 
diingung notwendigen Bedingungen kennen gelernt hat. 

IV. Die Fruchtwechselversuelie: Naeiiwirkung des Dangers 
bei Verfiltterung von Baumwollkuchen und Mais, 1S77 bis 1935. 

Diese umfangreichen Versuchsreihen waren angelegt worden, um den 
Unterschied festzustellen zwischen dem Wert des Stallmistes, der von 
Tieren mit eiweifireicher Fiitterung stammte und solchem, bei welchem 
die Tiere eiweifiarmeres Futter erhalten batten. Der praktische Wert der 
Untersuchung lag darin, dafi ein Bauer, der seinen Hof aufgibt, wenn er 
schweres, eiweifihaltiges Futter gegeben hatte, von dem neuen Pkchter 
einen weit hbheren Betrag beanspruchen konnte, als wenn er den Tieren 
nur leichte Futtermittel hatte zukommen lassen. 

Die Frage ist nun die: Welchen Vorteil kann der neue Pa.chter aus 
diesen MaBnahmen ziehen? Alle sechs Versuchsreihen brachten dieselben 
Ergebnisse: Ein grofier Unterschied konnte nicht festgestellt werdefl 
zwischen Nachwirkungen des Stallmistes von Kuchen- und solchem von 
MaismChlfQtterung. Wenn sich dieses Ergebnis als allgemein richtig er- 


») J, Roy. Agr. Soc., 1926, Bd. 87, S. 296, 
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weisen sollte, kfinnte raan daraus schliefien, dafi viele Banern nngerechter- 
weise Geld bezahlten fur etwas, was keinen Wert besafi. Sind die Tabellen, 
die in Grofibritannien zur Festsetzung der Entschadigung fiir Stallraist- 
Werte benntzt werden, falsch? 

Die Anlage der ersten Versuchsreihen war einfach. Eine Anzahl 
Schafe und Oclisen erhielt Knchen aus geschalter Baumwolle, ein anderer 
Teil der beiden Tierarten bekam Maismehl. Die Futtermengen waren so 
gehalten, dad sie einen geniigenden Unterschicd im Stickstoffgelialt der 
Ausscheidungen gewkhrleisteten. Der Mist wurde auf zwei verschiedene 
Arten dem Boden zugefiiiirt. Die Ochsen warden in Boxen gefiittert, so 
dafi ihre Exkremente als Stallmist fiir die Riibenparzellen zur Verwendung 
kamen. Die Schafe dagegen wurden auf Kleefeldern gepfercht und niit 
Kuchen und Mais gefiittert, so dad ihre Ausscheidungen dem Lande direkt 
zugefuhrt wurden. Dieses sind die beiden Methoden, nach welchen in der 
Praxis die Exkremente der Tiere in Dunger umgewandelt w^erden, und 
der Versuch war angelegt worden, um beide Arten zu j)rufen. Die all- 
gemeinen Anbaubedingungen entsprechen den sonst iiblichen. Zwei Par- 
zellen wurden hinzugenommen, um einen Ver«ileich zwischen Natron- 
salpeter und tierischen Ausscheidungen als Diingemittel zu ziehen. Diese 
Parzellen zeigten die iiblichen Unterschiede in den Enriigen. die durch 
ihren Nitratvorrat bedingt waren. Die der Parzelle 3 als Natronsalpeter 
zusatzlich zugeflilirte Stickstoffgabe von 29 kg je Hektar brachte im Ver- 
gleich zu Parzelle 4 72 dz Riiben mehr: wiihrcnd eine zusatzliche Menge 
von 21,0 kg Stickstoff bei Gerste eine Steigcrung von 336 kg Korn- und 
896 kg Gesamtertrag je Hektar zur Folge hatte. Diese Mehrertrage 
waren ganz normal: bei diesen Methoden gab es tatsachlich nichts Un- 
gewbhnliches und es lag auch kein besonderer Grund vor, weshalb ein 
im Stickstoffgehalt des Stallmistes oder der tierischen Ausscheidungen 
Yorhandener Unterschied sich nicht voll auswirken sollte. 

Durch Versuchsreihen in den .lahren 1886 bis 1397 konnte man an 
drei Fruchtarten den Einflufi des Pferchens beobachten, d. h. Verfiittern 
der Riiben auf dem Lande, wo sie gewachsen waren, so dafi die Exkremente 
der Tiere den Bodeii diingen konnten. Die Versuchsergebnisse betrugen: 


In Doppelzentner jo Hoktar jahrlirb. 


— - 

Ohne Pferchen 

Mit Pferchen 


ungedungt 

ungedungt 


Pa7*zellen 5 bis 8 

Parzellen 1 und 2 

Gerste, Gesamtertrag 

34.8 

48,4 

21,9 

Koniertrag 

16,9 

Kleeheu 

47,4 

55,0 

Weizen, Gesamtertrag 

52,2 

56,0 

Kornertrag 

21,2 

22,4 


Das Pferchen hatte sowohl auf die Gerste als auch auf den in ihr 
eingesaten Klee einen gunstigen EinfluB; der Erfolg bei Weizen kOnnte 
auch als ein Ergebnis des verbesserten Kleewachstums angesehen werden. 

17* 
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K. J.' Bussell: 


Id den Versuchsserien der Jahre 1886 bis 1897 schien der Mist der 
Tiere mit Baumwollkuchenfiitterung als Diingemittel eine starkere Nach- 
wirkung zu erhalten als derjenige von Tieren mit MaismehlfUtternng; 
aber dieser Unterschied zeigte sich nur bei Gerste und hatte auf keinen 
Fall irgendeine statistische Bedeutung. Die Parzellen, auf welchen Tiere 
gepfercht waren, brachten folgende in Doppelzentner je Hektar berech- 
neten Ergebnisse: 



Mist nach 
Verfiitterung 
von Baum- 
wollkuchen 

Farzelle 1 

Mist nach 
Verfiitterung 
von 

Maismehl 

Parzelle 2 

Mist von Tieren, 
die weder Kuchen noch 
Mehl erhalten batten. 
Kiinstliche DUngegaben 

Parzelle 8 und 4 

Gerste, Gesamtertrag .... 

50,8 

46,0 

56,8 ! 

47,3 

Kornertrag 

22,9 

21,0 

25,0 1 

21,0 

Kleeheu 

53,9 

56,1 

60,7 

57,8 

IVeizen, Gesamtertrag .... 

56,9 

55.0 

55,6 I 

54,9 

Kornertrag 

22,7 

22,0 

22,4 j 

22, t) 


Den Einflufi der Stallmistdiingung anf Riibenparzellen — allerdings 
nicht anf andere — kann man ans den Vcrsuchsreiheu der Jahre 1904 
bis 1911 abschatzen; fiir die drei Jahre mit Riibenbaii {1908 bis 1910) 
liegen folgende Ergebnisse vor: 


RttbenertrSgre in Doppelzentner je Hektar. 


Ungediingt 

Stallmistdiingung') 

(Mittlere Ertrage der Parzellen 

(Mittlere Ertriige der l^arzelJen 

1 bis 4) 

5 bis 8) 

256,5 

844,6 


HinzelertrUgre der Stallmistparzellen. 


BaumwoU- 
kuchen- 
Futterung 
Parzelle 5 

Maismehl- 

Fiitterung 

Parzelle 6 

Weder Kuchen- 
nocb Mehl- 
Futterung 
Parzelle 7 

Weder Kuchen- 
noch Mehl- 
FUtterung 
Parzelle 8 

836,6 

338,8 

353,4 i 

356,2 


Man konnte also eine durch Stallmistdungnng hervorgerufene Er- 
tragssteigerung von 87 Doppelzentner je Hektar, aber keinen Unterschied 
zwischen den verschiedenen Stallmistarten feststellen. Das Vorhandensein 
irgendwelcher Nachwirkung lieB sich nicht beweisen. 

In einem Punkte wich dieser Versiich von den in der Praxis ublichen 
Bedingungen erheblich ab. Die innerhalb von vier Jahren einmal ange- 
wendete Stallraistgabe war stets sehr gering, nnr 75 bis 100 Doppelzent- 
ner je Hektar. Die beim Feldban gewonnenen Erfahrnngen lehren tiber- 
einstimmend, daB derartige geringe Dungermengen nicht benntzt werden 
sollen* Und tatskchlich zeigte sich in den Versuchsreihen mit danerndem 


0 Etwa 100 dz je Hektar. 
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Gin in Bothamstod nenn Jabre (1904 bis 1912) lang darcbgeftthrter Yergleicb 
zwiscben Dfinger Ton KncbenfUtternng nnd gewdbnlicbem Dtinger. 
Gesamtertragr der nngedttngten Parzelle Je Hektar 100. 



1. Ernte 
(Jahr der An- 
wendung) 

2. Ernte 

3. Ernte 

4. Ernte 

Danger von Kuchenfutterung . . 

173 

1H8 

120 

113 

Danger, keine Kuchenfutterung 
fireereben 

144 

l.’to 

126 1 

i 117 


Weizen- uiid Gerstenbau eine Stallmistdiingnng von 75 Oder 100 Doppel- 
zentner je Hektar erst dann wirksam, als sie vier Jahre iiacheinander 
zur Anwendung kam. In einem spateren Versuch in Rothamsted, bei 
welchem grOfiere Diingergaben (400 dz je Hektar) benntzt warden, wurde Mist 
von Kuchenfutterung mit solchem ohne Knchen- Oder Maisfutter ver- 
glichen. Hier erwies sich der Mist von Kuchenfutterung als bedeutend 
besser, allerdings nur im ersten Jahr; im zweiten und folgenden Jahr 
zeigten sich die beiden Arten ahnlich, obgleich beide wirksam waren. 

Das Ergebnis von Woburn ahnelt dem von Rothamsted im zweiten 
Jahr nach der Anwendung. 

Der Versuch zeigt, dafi Stallraistdiingung giinstige Wirkungen besitzt, 
die nicht der Bereicherung des Mistes durch Kuchenfutterung zugeschrieben 
werden kdnnen. Die Wirksamkeit des Stallmistes bedarf noch weiterer 
Untersuchungen. Dem Mist fehlt die fiir die giinstige Beeinflussung des 
Pflanzenwachstums notwendige zussltzliche Stickstotfraenge; Natronsalpeter 
dagegen behalt seine normale Wirksamkeit bei. Diese Tatsache lafit sich 
nur mit einem Stickstoffverlust Oder einem Unwirksamwerden des Stick- 
stoffs erklaren. Mit einem Verlust durch Auslaugen der Felder, wo Schafe 
gepfercht worden sind, kann man rechnen, well die Friichte dieser Felder 
in den Wintcrmonaten verbraucht werden, in denen das Durchsickern sehr 
stark ist. Es kann sowohl eine Verdunstung des Ammon iaks aus dem Boden 
als auch ein mikrobiologisches Freiwerden von gasformigem Stickstoff 
stattfinden, obgleich bei Feldversuchen Vorgange dieser Art nicht sicher 
bestatigt worden sind. Mikrobiologische Bindung von Ammoniak und Nitrat 
an organische Substanzen und Umwandlung in komplexe und unverwert- 
bare stickstoftbaltige Substanzen sind bekannte Tatsachen. 

Nach der Art der Versuchsanstellung konnte Natronsalpeter bei weitem 
nicht im gleichen Umfange wie die tierischen Ausscheidungen von diesen 
Verlusten betroffen werden und konnte infolgedessen besser seine normalen 
Wirkungen erhalten. 

Dieses starke Nachlassen der Wirksamkeit des Stickstoffs in Gegen- 
wart von organischen Substanzen, das sowohl bei den Fruchtwechsel- als 
auch bei den Grundiingungsversuchen auftrat, soli durch neue Feldversuche 
weiter erforscht werden. 
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1. Introduction 

From the practical point of view the most important feature of weed reduction 
by various methods of treatment is the length of time that such reduction 
remains effective. Special methods of eradication involve extra expense, and, 
if fallowing is carried out, loss of crops as well. If pernicious weeds can be 
drastically reduced by such methods, the expense and trouble involved is 
justified from an economic point of view provided the number of such weeds 
remains at a low level for several succeeding years. If, however, the weeds 
re-establish themselves very rapidly it is probable that the increased crop 
resulting from the temporary reduction of competition will not compensate for 
the extra outlay. Hitherto practically no quantitative information has been 
available as to the behaviour of weeds after such drastic methods of reduction 
as fallowing. Most cultivators have their ow n ideas on the subjeiJt, and diver- 
gent opinions are held owing to differences in local conditions and the varying 
quality of the observations made. 
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480 The, Weed Seed Population of Arable Soil 

For the past eleven years, since autumn 1925, a continuous quantitative 
experiment has been carried out on Broadbalk wheat field at Rothamsted, in 
which the potential weed fiora has been estimated by recording the weed 
seedlings obtained from numerous soil samples taken year after year from the 
same areas immediately after harvest. During the first four years all parts of 
the field were subjected to either two or four years’ consecutive fallow, the 
whole area returning into crop in the autumn of 1929. In addition to the 
fallowing, special attention was devoted to the eradication of weeds among the 
crop, in the hope of effecting a real reduction by a combination of the two 
methods of control. Two previous papers have demonstrated the enormous 
potential weed flora, as indicated by the number of living seeds present in the 
soil before active measures were taken, and the comparative effect of fallow- 
ing and cultivation among the crop on the numbers of these viable seeds 
(Brenchley and Warington, 1930, 1933). In nearly every case adequate 
fallowing caused a more or less considerable decrease in the potential flora, 
but the effects of crop cultivation varied widely, from a decrease equal to that 
caused by fallowing to an increase to two or three times the original number. 

The methods used in obtaining the seedlings and in handling the large 
numbers of figures entailed were fully described in the first paper (Brenchley 
and Warington, 1930, pp. 238-41), to which reference should be made. Data 
are now available showing the after-effects of fallowing for varying periods, 
when the land has again been cropped for several successive seasons, but 
before these can be dealt with profitably, certain other points need discussion. 


II. Effect of time of fallowing on the weed flora 

Early ploughing of the stubble encourages germination, and many of these 
seedlings are probably killed by winter conditions, while the great majority 
of the remainder are cut down by spring cultivations before they flower and 
ripen seeds. This is true for all except a very few species, notably Capsella 
bursa-pastoris, Aremria serpyllifolia, Veronica buxbaumii and Poa annua, 
which are able to reach the seeding stage very rapidly even in the autumn and 
winter months, and so can maintain their numbers of seeds in the soil in spite 
of repeated later cultivations. 

Under normal conditions fallowing operations begin by cultivating or 
ploughing the stubble as soon as possible after harvest. When the time arrived 
to begin the fallowing of the second half of Broadbalk field, the area was left 
untouched, owing to unavoidable circumstances, from harvest in August 1927 
till March 1928. The first ploughing was then done, and fallowing operations 
carried on in the normal way. The delay in ploughing influenced the behaviour 
of various species in different ways, so that in some cases the results of the first 
year under fallow do not correspond with those obtained previously during the 
parallel period on the other part of the field. 
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Whea the autumn stubble ploughing was omitted in 1927, an opportunity 
was provided for several weed species to increase their stocks of seed in the 
soil (Table I). Weeds were plentiful in the stubble, and many of them doubtless 

Table I. Number of viable buried seeds in successive years (all seven 
plots together) 

Land cropped 1927; fallowed 1928, 1929; cropped 1930. 

Relative population 

, Actual population per 14 sq. ft. in percentages 



1927 

1928 

1929 

19.30 

1927 

1928 

1929 

1930 

OrasH, chiefly J^oa annua 

22 

171 

49 

1.39 

100 

777 

223 

632 

Barteia odontites 

20 

62 

37 

131 

100 

310 

185 

655 

C^apsella bursa-pastoris 

307 

893 

380 

,'561 

100 

290 

124 

183 

Senecio vulgaris 

96 

148 

34 

19 

100 

154 

35 

20 

Arenaria serpylJifolia 

269 

406 

211 

333 

100 

151 

78 

124 

Atriplex patula 

124 

186 

15 

.34 

100 

1.30 

12 

27 

Stcllaria media 

29 

42 

31 

78 

100 

145 

107 

269 

Matricaria inodora 

20 

28 

16 

28 

100 

140 

80 

140 

Polygonum aviculare 

44 

55 

15 

32 

100 

125 

34 

73 

Veronica hedoraefolia 

296 

.345 

1,34 

246 

100 

117 

45 

83 

V. buxbaumii 

361 

404 

130 

77 

100 

112 

36 

21 

Euphorbia exigua 

21 

23 

6 

18 

100 

110 

29 

86 

Anagallis arvensis 

24 

26 

17 

11 

100 

108 

71 

46 

Legousia hybrida 

168 

168 

98 

284 

100 

100 

58 

169 

Linaria minor 

55 

51 

46 

23 

100 

93 

84 

42 

Seandjx {xx'ten 

16 

14 

1 

9 

100 

88 

6 

56 

Cauoalis arvensis 

80 

65 

46 

49 

100 

81 

58 

61 

Polygonum convolvulus 

9 

7 

1 

2 

100 

78 

11 

22 

Papaver spp. 

39,078 

29,037 

17,407 

23,0.31 

100 

74 

45 

59 

Veronica arvensis 

1,204 

867 

522 

1,484 

100 

72 

43 

123 

Alchemilla arven8i.s 

2,720 

1,868 

1,213 

4,431 

100 

69 

45 

163 

Aethusa eynapium 

36 

22 

15 

14 

100 

61 

42 

39 

Medicago lupulina 

99 

57 

34 

153 

100 

58 

.34 

1.55 

Sonehus arvimsis 

54 

25 

7 

7 

100 

46 

13 

13 

(laliurn aparine 

228 

69 

28 

69 

100 

30 

12 

30 

(1. tricorne 

16 

4 

«> 

7 

100 

25 

13 

44 

Alopecurus agrestis 

6,562 

1,253 

342 

3,72.3 

100 

19 

5 

57 

M^^osotis arvensis 

349 

60 

34 

145 

100 

17 

10 

42 


continued to flower and seed until they matured or were cut down by frost. 
This category includes Anagallis, Atriplex, Bartsia, Euphorbia, Matricaria, 
Polygonum aviculare and Veronica buxbaumii. Another set of species appar- 
ently increased their seed stocks by the germination and rapid development 
of some of their shed seeds which were lying sufficiently near the surface. 
Arenaria, Capsella, Poa annua, Senedo and Stellarm will all germinate and 
flower freely in the early autumn, and Veronica hedcrat folia flowers and fruits 
abundantly in the very early part of the year. In all these cases the increase 
of seed in the soil was so large that fallowing operations from March to August 
failed to reduce them to their level at the previous harvest time. Legousia is 
more difficult to explain, as it has usually finished fruiting by J uly, and growing 
plants are seldom seen among the stubble. Normally, however, it germinates 
early, and possibly if the optimum period for germination had passed by the 
time of the first ploughing, practically all the seeds might have remained 
dormant in the soil until their favourable growing season again came round. 
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Proof of such occasional behaviour has already been reported in tlie case of 
Ahkemilh (Brenchley and Warington, 1930, p. 247). 

The remainder of the weed species were reduced by fallowing to a greater 
or less degree in spite of the delay in ploughing. This does not necessarily 
imply that none of these species continued to ripen seed, but rather that any 
increase thus effected was less than the reduction by after-cultivation. Alope- 
curuSf Papaver, and Sonchus, however, are species which would be unable to 
increase their seed stocks to any extent during the resting time before ploughing 
owing to their habit of growth. All have a long vegetative period before 
flowering, and when a crop of seed has ripened, another year elapses before 
the next generation has reached the same stage, so that the delay in ploughing 
would not affect the efficiency of the first year’s fallow with these species. 
The varying response of the weed species to delayed ploughing is thus not 
connected with the general abundance or scarcity of any particular species, 
but is obviously associated with habit. Tt happens that Alopecm^s and 
Papaver, which together provided 87 per cent, of the total seed flora, are both 
species which have a long growing period before they flower and ripen seed in 
the summer, while Alchewilla and Veronica arvensis, which contributed a 
further 8 per cent,, are also late-flowering species which are practically over 
by harvest time. In the remaining twenty-four species, contributing only 
5 per cent, to the total, the increase or decrease in seed population during the 
season 1927-8 fluctuated as much in the scarcer species as in the more abun- 
dant (Table IT). 

Table II. Relative prevalence of weed species 
Area 14 sq. ft. 

Number of seeds I'ereentage of 
in 1927 total seeds 

Papaver + Alopecurus 4.5,640 87 

Alehemilla -f Veronica arvensis 3,924 8 

24 other species 2,743 o 


The importance of promptitude in beginning operations after harvest is 
further illustrated by grouping the various weed species according to their 
relative seed populations after one year under fallow, and comparing the 
results of immediate and delayed ploughing. 


Table III. Summary of effect of fallowing for one year on percentage of 
weed seeds relative to number originally present in soil 


Over 100% 

81-100% 

41-80% 

40% and under 


Fallowed 1925-6 Fallowed 1027-8 

(ploughed autumn) (ploughed spring) 

4 species (105-1.36%) 13 8[)ecie8 (108-777 %) 


Not only was the general degree of reduction much less in the 1927-8 
fallow, but nearly half the species were definitely increased, whereas this only 
occurred with a very few species in the earlier fallow. < 
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III. Behaviour or weed flora when land was cropped after 

FALLOWING 

The first crop of wheat after the two- or four-year fallow was heavy and 
considerably above the normal on all plots, the increase being attributed to 
the extra fertility accumulated during the fallow period. This initial improve- 
ment was not maintained, but the second and succeeding crops reverted to a 
lower level determined by the seasonal conditions. This is shown in Table IV, 
which gives the successive crops up to the time that another system of 
periodical fallowing was begun on the different sections of the field. 

Table IV. Average wheat crop on, the seven, plots used in 
the weed-seed experiment 

Bushels of grain })er acre 



Top part of field 

Bottom part of field 


(soetiouH 1 and 2) 

(seetions 4 and 5) 

1925 

15 4 

15-6 

192() 

F. 

5-3 

1927 

F. 

15-5 

1928 

495 

F. 

1929 

21-3 

F. 

19.‘10 

8-4 

308 

1931 

F. 

19-3 

1932 

F. 

14-2 


F. - fallow. Figures in heavy type show first crop after fallow. 

(fi) Influence of first years crop after fallow on weed flora 

It would naturally bo expected that the heavy wdieat crop would so 
dominate the situation that its competition w^ould prevent the weed flora 
from reasserting itself to any considerable degree during the first year. As the 
wheat crop is determined in bushels of grain, which might be translated into 
the number of seeds produced per acre, so, too, the weed crop may fairly be 
estimated by the number of living seeds found in the soil at the end of the grow- 
ing season. With many species the number of these seeds showed either little 
change or a relatively small increase or decrease by the end of the first year’s 
cropping. The species may be arranged in three groups, according to their 
general response to the new conditions. In the first group Aethusa, AnagaUis^ 
Atriplex, Caiicalis,- Galium, tricorne, Sonchus (Fig. 1) and Polygonum, aviculare 
(Fig. 2) behaved very similarly after both periods of fallowing, all being 
species which had been reduced to very small numbers, and which remained 
at a low level. Euphorbia, Linaria, Matricaria and Papaver (Fig. 2) showed 
more variation in their behaviour, any increase or decrease not being coin- 
cident in the two series. Here again the numbers after fallow were low, with 
the exception of Papaver, which was by far the most abundant throughout. 
It is easy to understand the failure of species to overcome the competition of 
the heavy wheat crop when only a few seeds were available for the purpose, 
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but it is more surprising that Papaver, with its large stock of seed that sur- 
vived the fallowing, should not have been able to re-establish itself to a greater 



1927--9; 0, land cropped; h\ land fallowed. 


extent. This, however, is probably correlated with the fact that Papaver is 
not at all prevalent on the heavy land in this district and so may be con- 
stitutionally less able to re-establish itself as rapidly as other species. 
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A second group of weeds proved their ability to withstand the competition 
of the wheat and had replenished their stores in the soil to a very considerable 






Fro. 2. NunilxT of soedliiigs in 14 sq. ft. (seven plots together) fallowed , 1925-7; 

1927-9; C\ land cropped; F, land fallowed. 

extent by the time the first crop wavS harvested. AJopecurus, Capsella, Myonotis 
and Veronica hederaefolia (Fig. 3) showed definite increases, though the 



486 


The Weed Seed Poptdation of Arable Soil 

numbers did not always reach those present before fallowing began. Ahhemilla, 
Bartsia, Grass spp., SteUaria and Veronica arvensis (Fig. 4) showed heavier 






Fio. 3. Number of seedlings in 14 sq. ft. (seven plots together), fallowed , 1925-7; 

1927-9; C, land cropped; F, land fallowed. 

proportionate increases, considerably exceeding the original number before 
the fallow in the first three species. In all these the response was similar after 
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both periods of fallow. With most of them, the habit of the weeds may account 
for their success. Capsella and Grass spp. (chiefly Poa annua) can flower and 



FlO. 4. Number of seedlings in 14 sq. ft. (seven plots together), fallowed , 

1927-9; C, land cropped; F. land fallowed. 


seed all the year round, and so would be able to restock the soil with seed during 
the autumn and winter months when the growth of the wheat was as yet 
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iosafficieat to bring it into effective competition. AlehemiUa, Myosotis, 
SteUaria, Veronica arvensis and 7. hederaefolia are all species in which the 





Fig. 6. Number of seedlings in 14 sq. ft. (seven plots together), fallowed , 1926-7; 

1927-9; C, land cropped; P, land fallowed. 

earlier flowers ripen seed long before the plant reaches maturity, and here 
again seed formation had probably begun before the wheat competition came 



Winifred E. Brenciiley and Katherine Warington 489 

much into action. Alopecurus is the only late-flowering upright species in this 
group, and its success is probably due to the fact that its habit of growth is 
closely parallel to that of the wheat. Crop and weed germinate and grow up 
together, flowering at much the same time, and sufficient Alopecurus plants 
must have developed from the relatively small stock of seed left after fallowing 
to lay the foundation for a rapid recolonisation. 

In a third group are the species whose response to cropping varied more 
widely after the two fallow periods. Arenarittf Senecio and Veronica buxbaumii 
(Fig. 5) showed heavy increases after the 1925 -7 fallow, but Arenaria rose 
only very slightly after the 1927-9 period, while the other two species dimin- 
ished in number. On the contrary, Galium aparine^ Legousia and Medicago 
(Pig. 5) improved their position more after the second fallow than after the 
first. It is not possible to suggest a reason for the divergent behaviour of these 
species, though it was probably connected with the seasonal conditions that 
occurred at critical times in development. 


(b) Prevalence of weed species in second and subsequent 
gears after fallowing 

To a great extent the beha/iour of the various weed species during the 
first year after fallow was continued for the next two years. Most species 
which failed to reassert themselves during the first year remained at a low 
level afterwards, whereas the majority of those which had shown a distinct 
upward tendency continued to increawse more or less considerably, this be- 
haviour being independent of the actual proportion of any species in the total 
population. The weeds may be classified in groups according to their response 
during the three years after billow (cf. Table I and Pigs. 1-5). 

(1) Little or no recovery throughout: Aethusa, Anagallis, Euphorbia, 
Galium aparine, G. tricorne, Linaria, Papaver, Sonchus. 

(2) Little or no recovery in first two years, then an increase: Atriplex, 
Caucalis, Matricaria, Polygonum aviculare, Scandix. 

(3) Increase in first two years, then fall or steady in third: Capsella, 
Myosotis, Stellaria, Veronica hederaefolia. 

(4) Steady increase throughout: Alchemilla, Alopecurus, Arenaria, Bartsia, 
Legousia, Medicago, Veronica arvensis, 

(5) Quite irregular in behaviour: Grass spp., Benecio, Veronica buxbaumii. 

This grouping applies to the response after the 1925-7 fallow for which 

exact data are available, and the indications from field observations after the 
later fallows are that on the whole the general trend of behaviour of the 
various species is similar. 

Papaver and Galium aparine showed a greater early increase, and Arenaria 
a less marked recovery in the first year after the 1927-9 fallow, which may have 
influenced their later response to some extent. 
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The varying rate or recolonisation has resulted in a definite change in the 
balance of the weed flora, as some previously plentiful species have now 
become relatively insignificant, while others have come into much greater 
prominence. The persisting reduction of Papaver is the dominant feature in 
this change of balance, as the numbers are so large as to mask the more rapid 
increase of the rest. The steady reduction in the total seeds present in the soil 
caused by fallowing was followed by an equally steady increase year by year. 



Crop Fallow Crop Crop Fallow Crop 

Pig. 6. Average number of weed seeds per sq. ft. (seven plots together), showing 
re-establishment of weeds during the first three years after fallowing. 


After the third wheat crop the total number of buried weed seeds had reached 
and slightly exceeded the number present at the time fallowing operations 
began. From this point of view the beneficial effects of fallowing persisted for 
two years. Leaving Papaver out of consideration, however, the recolonisation 
by all other species was much more rapid. After the first crop the number of 
weed seeds had closely approached, and after the second crop far exceeded, 
the original stock present before fallow, the rise being continued in the 
succeeding year (Fig. 6). This rapid increase in weed seeds coincided with a 
parallel decrease in the yield of wheat, but no opinion can be expressed as to 
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how far the relative movements of crop and weeds were correlated, especially 
as reduction in crop did not induce a corresponding rise in Palaver. As regards 
weed reduction, however, fallowing is for most species only a temporary 
expedient. There is also a certain risk that some species may profit by the 
after-fallow conditions to such an extent that their increase may be so rapid 
as to make them a serious menace after the lapse of a very few years. The 
critical period seems to be the behaviour during the first year of return into 
crop, when the future line of development of most species is apparently 
determined. 

Fallowing operations were primarily intended to reduce Pa'paver and 
Alopecurus, and were successful for Papaver, but the return of Alopecurus was 
unduly rapid.' This is well shown in Fig. 7 which illustrates from left to right 



Fid. 7. Second crop of weeds from samples taken after harvest in 1929. Left to right. 16 3 A, 
after four years under fallow; 16 4 A, after two years under fallow; 16 2 C, after two years 
in crop, following two years under fallow. 


the scarcity of seedlings after four and two years fallow, and the abundance of 
Alo'pecurus, with other species, after two years in crop following two years 
fallow. The sample in each case represents only one cpiarter of a square foot of 
soil in area. The competition factor of Alopecurw^ has always been con- 
sidered to be high, and a detailed comparison of crop yield and the number of 
Alopecurus seeds was made to see how far the two species reacted on one 
another. Complete data were available between 1925 and 1933 for seventy- 
seven cases in which wheat followed wheat on the various sections of the seven 
plots under examination. In fifty-five of these cases, as the wlieat yield 
increased, the number of Alopecurus seeds decreased, and vic£ versa, but in the 
remaining twenty-two instances the crop yield and Alopecurus seeds moved in 
the same direction, both increasing or decreasing simultaneously. It would, 
therefore, seem that while the two species usually come into active competition, 
conditions frequently occur which supersede the competition factor and either 
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encourage or discourage wheat and Alopecurus alike. A few random instances 
may be quoted (Table V) to show that the divergence of the figures is quite 
outside the bounds of experimental error and also that the necessary con- 
ditions cannot be seasonal, as the yields of Alopecurus and wheat may run both 
parallel and in opposition on different parts of the same plot in the same year. 


Table V. Increase or decrease of yields of wheat and Alopecurus 


Plot Seotion Year 

5 5 192fi 

1927 

7 4 1930 

1931 

12 1 1929 

1930 

16 2 1929 

1930 

18 4 192/5 

1926 


Running parallel 


Crop 

Alopecurus 

Busheln 

No. of 

of grain 

seeda per 

per acre 

sq. ft. 

2*2 

190 

6-5 

265 

34-6 

593 

20-2 

375 

22-9 

955 

6*4 

852 

26-3 

1251 

60 

924 

14-2 

614 

3-6 

273 


Plot 

Section 

Year 

5 

5 

1925 

1926 

7 

3 

1930 

1931 

12 

2 

1929 

1930 

16 

1 

1929 

1930 

18 

5 

1926 

1927 


Running in opposition 


f 

\ 

Crop 

Alopecurus 

Bushels 

No. of 

of grain 

seeds per 

per acre 

sq. ft. 

7-7 

123 

2-2 

190 

38*9 

39 

27-0 

117 

22-9 

596 

9*7 

1836 

26-3 

635 

9*9 

1767 

3-6 

400 

15-3 

243 


(c) Effect of prolonged fallowing upon the subsequent 


So far no account has been given of the section of Broadbalk field which 
was left uncropped from 1925 to 1929, the cultivation during this period 
being identical with that of the area under a two-year fallow in the same year. 
The response of the crop was similar after both long and short fallows, heavy 
yields being obtained in the first year, followed by a considerable drop in the 
second. The average yields of grain on adjacent sections of the seven experi- 
mental plots were as follows : 



After 4 years fallow 

After 2 years fallow 


(bushels per acre) 

(bushels per aero) 

1930 

39-0 

36-3 

1931 

22-6 

21-8 

1932 

17-7 

15-2 

1933 

26-2 

25-6 


The competition offered by the crop to the weeds was, therefore, very 
much the same in both sections, and it will be seen later that the weed response 
was also very parallel. 

The check in weed seed reduction due to delayed cultivation in 1927-8 
described on p. 481 was also shown in the course of the long fallow. Species 
that were able to increase their number before the delayed fallowing operations 
were begun, were equally able to do so where the land had already been under 
fallow for two years and no fresh seeds were available. A comparison of Table I 
with Table VI shows clearly the parallel behaviour of the majority of the 
species concerned. The species for 1928 in Table VI which show a definite 
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increase after two years fallow, correspond almost exactly with those for the 
same year in Table I where fallowing was only beginning. 

Table VI. Number of viable weed seeds on area fallowed for Jour successive 
years (all seven plots together) 


Actual population per 7 sq. ft. 




Crop 

Fallow 


Crop 


1925 

1926 

^ f 

1927 

1928 ' 

1929 

19.30 

Grass sp. (chiefly Poa annua) 

26 

32 

9 

90 

.50 

233 

Bartsia odontites 

18 

15 

10 

5 

10 

20 

Capsolla bursa-pastoris 

80 

109 

00 

229 

64 

119 

Sonecio vulgaris 

150 

45 

8 

106 

5.3 

40 

Arenaria 8eq)yllifolia 

138 

1.56 

111 

154 

100 

186 

Atriplox pattda 

8tellaria media 

95 

42 

24 

6 

21 

1 

14 

57 

3 

04 

13 

252 

Matricaria inodora 

11 

.34 

4 

9 

2 

6 

Polygonum aviculare 

258 

89 

15 

20 


21 

Veronica hederaefolia 

268 

239 

111 

109 

.37 

57 

V. buxbaumii 

44 

54 

23 

113 

45 

42 

Kuphorbia exigua 

101 

53 

11 

6 



4 

Anagallis arvensis 

21 

7 

3 

5 

2 

1 

Legousia hybrida 

278 

158 

140 

84 

58 

199 

Linaria minor 

36 

34 

9 

9 

1 

0 

Scandix pecten 

223 

.34 

3 

4 



Caucalis arvensis 

68 

37 

17 

22 

6 

4 

J^olygonum convolvulus 

18 

5 

1 

— 



Papaver spp. 

18,001 

10,9.59 

8,280 

0,063 

.3,700 

5,319 

Veronica arvensis 

1,045 

472 

198 

137 

103 

279 

Alchemilla arvensis 

1,980 

942 

• 622 

532 

209 

1,002 

Aothusa cynapium 

77 

.31 

4 

5 

2 

5 

Medicago lupulina 

47 

15 

2 

4 

8 

1 

8onchus arvensis 

38 

8 

4 

8 

.3 

3 

Galium aparine 

56 

8 

5 

— 

— 


G. tricomo 

16 

7 

5 

— 

1 



Alopecurus agrostis 

1,809 

437 

87 

93 

29 

624 

Myosotis arvensis 

90 

51 

19 

12 

7 

28 


Figures in heavy typo indicate increase in seed population after delayed cultivation of fallow. 
The species are arranged in the same order as in Table I to facilitate comparison. 


With few exceptions the numbers increased, decreased or remained 
stationary after the first year’s return into crop, rCf>ardleBs of the length of 
the previous fallowing. Scandix, Galium, aparine, Galinm tricorne and Poly- 
gonum convolvulus appeared to be eliminated by the long fallow as not a single 
seedling appeared. P. aviculare, on the other hand, increased apparently from 
nothing after the long fallow, indicating a rapid increase from a residual stock 
of seed which was so small that no representative appeared in the samples 
taken in the last uncropped year. Medicago and Linaria were the only species 
that varied strikingly in behaviour with the different periods of fallowing. 
Both remained in fair quantity at the end of the two years fallowing period, 
and under the first crop Medicago was multiplied several times whereas 
Linaria was further decreased. The longer fallow reduced them both far more 
heavily, but the ultimate behaviour was reversed, as Linaria improved its 
position while Medicago became still less plentiful. This depression with Medi- 
cago continued with the second wheat crop in 1931, and it was not till 1932 that 
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it began to make any progress, though it still remained much behind that on 
the area that had been under short fallow. Figures for this later period are 
available for three plots, on only one of which (plot 18) Medicago occurs in any 
appreciable amount. 

Table VII. Behaviour of Medicago lupulina after long 
and short fallows 

Plot 18. Average number of Boeds per sq. ft. 

Last year Crop 

of fallow ( ^ 

1929 1930 1931 1932 

Long faUow, 4 years 1 — 1 47 

Short fallow, 2 years 4 16 46 108 

Generally speaking, therefore, the ultimate behaviour of most weed species 
is not affected by the length of time the land is repeatedly cultivated under 
fallow, as in most cases the increase or decrease under crop is identical in 
direction. When the cultivations are carried out at the right time to check 
any species from producing fresh seed, the population is reduced more heavily 
with a longer period of fallow, and it takes longer for any particular species to 
regain its original position. It must be realised, however, that under normal 
farming conditions such prolonged fallowing is impracticable, the usual period 
being one year or less, but in the present instance the weedy condition of the 
experimental wheat field demanded special treatment, thus providing a unique 
opportunity for investigating the question of the behaviour of seeds present in 
the soil. 

IV. Observations on periodicity of germination and length of 

NATURAL DORMANCY OF BURIED WEED SEEDS 

In the first paper of this series a distinction was drawn between the 
“naturar’ and “induced” dormancy of seeds. A seed may be said to be 
naturally dormant if it will not start into growth when it is placed in con- 
ditions favourable to germination, whereas “induced” dormancy is that state 
forced on a seed when it is capable of immediate germination but finds itself 
in circumstances that are unfavourable to growth, as when seeds are buried 
too deeply, or soil conditions are too arid. The aim of fallowing operations is to 
prevent induced dormancy and to bring as many buried seeds as possible to 
the surface where they can germinate if they are ready. In the laboratory 
experiment the fallowing conditions are intensified, as the soil is disturbed 
regularly and frequently and favourable growth conditions are maintained 
throughout. In spite of this many seeds have remained inert in the seed 
pans for several years. More than fifty of the total samples taken in 1925, 
1926 and 1927 were retained after the normal three-years period, and these 
have since been treated exactly the same as more recent samples and are still 
under observation. Altogether an additional 1610 seedlings have appeared, 
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representing twenty-one species, of which five have only contributed one or 
two individuals. The proportion of these later seedlings to the total number of 
germinated seeds is shown in Table VIII. 


Table VIIL Prolonged natural dormancy 

Viable seeds remaining 
Total No. dormant ftjr more than 

of seeds 3 years 

r<*(!ordod from , — s 

Longest period 
of dormancy 
recorded till 
Dec. 31st, 1935 

yjxjcicH 

samples 

No. 

% 

Years 

Acthusa eynapiiim 

120 

41 

32-5 

10 

Anagallis arvensis 

91 

44 

48-4 

10 

Modicago lupulina 

231 

15 

32-5 

10 

Polygonum avioularo 

323 

18 

50 

10 

Arenaria serpyllifolia 

437 

(>8 

150 

9 

Bartsia odontites 

39 

14 

35-9 

9 

Kuphorbia exigua 

133 

23 

39-8 

9 

Grass spp. 

44 

2 

4-5 

8 

Papaver spp. 

39,389 

1,182 

30 

8 

Alchemilla arvensis 

.3,979 

50 

1-.3 

7 

Capsella bursa pastoris 

250 

14 

5*0 

7 

J*olygonum convolvulus 

19 

2 

10-5 

7 

Alopecurus agrestis 

4,998 

1 

0-02 

5 

Atriplex patula 

259 

18 

0-9 

5 

Galium tricorne 

17 

3 

170 

5 

S(*audix pecten 

222 

3 

14 

5 

Stellaria media 

"49 

1 

2-0 

5 

Veronica arvensis 

2,202 

40 

1*8 

5 

Gauealis arvensis 

1.30 

5 

3-8 

4 

Myosotis arvensis 

324 

4 

1*2 

4 

SoiichuH arvensis 

81 

2 

1,610 

25 

4 

Acthusa, Anagallis and 

Mcdicago 

have appeared steadily up to date, 


showing that they can have a period of natural dormancy of at least ten years. 
Polygonum amculare produced a single seedling in 1935, after an interval of 
four years. This is noted for its prolonged dormancy, as it was the most 
abundant specitjs which appeared on Oeescroft Field at Rothamsted on land 
which had been under grass for thirty years (Brenchley, 1918). The remaining 
species show a maximuin dormant period of four to nine years, though it is 
quite possible that some viable seeds are still present. 

Most of the spe(;ies retaining their vitality longest are those in which the 
largest propcyrtmi show prolonged dormancy, irrespective of the number of 
seedlings produced. The only exceptions are Polygonum amculare^ which 
experience has shown to be most erratic in its germination, and P. convolvulus 
and Galium tricorne^ of which so few seeds occurred altogether that a single 
belated seedling represented a large increase in the percentage in the pro- 
portion surviving for more than three years after sampling. The high pro- 
portion of prolonged dormancy in the first two groups (Table VIII, excluding 
Polygonum aviculare) is noteworthy, and may afford some explanation of the 
abrupt seasonal changes in the abundance of the species, as the population in 
any one year is not necessarily dependent upon successful seeding in the 
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immediately preceding year, but may result from long-buried seeds becoming 
capable of germination and causing an unexpected influx of a particular 
species. 

Under field conditions where fallowing is carried on for a limited time and 
the soil is also disturbed less regularly, the proportion of viable seed that 
reaches the surface in a given time may be less than in the shallow pans used 
for germination. Consequently many buried seeds which have passed out of 
their period of natural dormancy may perforce remain in a condition of in- 
duced dormancy, ready to spring up among the crops at a later date when 
cultivation eventually brings them to the surface. Species which produce many 
seeds that remain naturally dormant over long periods form an incalculable 
clement in the weed flora. It is impossible to forecast their behaviour, for 
periods of great abundance of a particular species may be followed by times of 
great scarcity or even absence, after which it may again reappear in greater 
or less amount. The factors determining this behaviour are unknown and 
render such temperamental weeds, of which Polygcmuni avicularc is an ex- 
cellent example, peculiarly difficult to deal with under field conditions. After 
eleven years’ work it is now feasible to confirm or modify the opinions expressed 
in an earlier paper (Brenchlcy and Warington, 1930, pp. 240-60) with regard to 
periodicity of germination and the length of possible dormancy in the weed 
species concerned. In most cases the original suggestions have been to a large 
extent corroborated by the later work. The majority of species which showed 
steady decrease in the numbers germinating annually in the first set of samples 
behaved similarly in the later sets, while those showing irregular periodicity 
usually repeated this behaviour, though the direction of irregularity frecjuently 
varied. With P, aviculare the extreme irregularity of germination was con- 
firmed, but the suggestion of a possible two-year period of natural dormancy 
was not borne out, as a certain proportion survived for ten years. The variation 
in behaviour of the two species of Galium proved constant. Galium aparim 
repeatedly behaved normally with a steady annual decrease in germination in 
each sample, and a period of dormancy not exceeding three years, whereas 
G. tricorne was irregular in periodicity, and showed a relatively large proportion 
of seeds with longer dormancy, up to a five years limit to date. Aethusa and 
Euphorbia confirmed the forecast, both being of very irregular germination and 
coming high in the scale of dormancy, both as regards time and number. 

Some species which occasionally germinate in a normal, regular manner 
may usually be irregular in their behaviour, as Anagallis, Atriplex and Medi- 
oagoy all of which were regular in 1925 samples, but generally irregular since. 
With Anagallis and Atriplex the suggestions have been confirmed, Amgallis 
giving a high proportion of seeds remaining dormant over a long period, while 
Atriplex has a relatively short dormancy. 

Medicago is a most temperamental weed, and has entirely failed to come up 
to expectations. Instead of having a short dormancy as originally suggested, 
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it has proved to have one of the longest, with a very high proportion of seeds 
germinating after the third year. In fact, Medicago with 32-5 per cent, and a 
ten-year period is second only to Anagallis with 48*4 per cent, and a similar 
ten-year period. On the other hand, on some occasions, as 1932, a large pro- 
portion of the seeds were in such a hurry to germinate that tlie seedlings 
appeared thickly in the pans within two days of tlie samples being washed out 
and set up. A similar behaviour is sometimes noticed in the field on a wet stu bblc, 
when the ground may be carpeted with Medicago seedlings long be'iore the land 



Fia. 8. Total riumlM^r of scodlingH of liartma (Khulilfs from all Mam[)lt‘a tak(‘n from 1925 to 19.‘15, 
gra])lu*(l a«‘t‘or(ling to .s(*asou of ji;t*rmmai-ioii. 


is ploughed. The conditions wliich cause this behaviour are not clear. It is not 
merely a question of an abundant water supply, as, if it were, this premature 
germination should occur every year in the sample pans, wdiereas it is rarely 
seen there. It is prol)ably some combination of climatic, conditions during the 
ripening of the seeds which brings them to such a. state of maturity that they 
are ready to germinate immediately an adecjuate water supply is available, no 
further period of after-ripening being necessary. 

Caucalis has continued to show regularity in germination, but the indicated 
long dormancy has not been confirmed. On the contrary, the proportion of 
seeds lasting for four years has been quite low, and no later records have 
appeared. This result is unexpected and somewhat surprising, as in the field 
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Considering all species together, the number with three cotyledons was 
very low, only 136 out of a total of 641,171 on Broadbalk field, showing a 
ratio of 1 : 4714, confined to seven species of which two belonged to the genus 
Veronica, 

In this connection reference may be made to Spergula arvensis, the dominant 
weed in a parallel experiment on sandy soil from Woburn, where five seedlings 
out of a total of 35,430 showed tricotyledony, giving a proportion of 1 : 7086. 

VI. Summary 

1. Delay in cultivation after harvest prevents the reduction of various 
weeds by fallowing. Some species, already developed, continue to ripen seeds, 
and others have time to germinate and reach the seeding stage before they are 
cut down by cultivation. The numbers of extra seeds thus produced may be 
greater than those destroyed by fallowing, so that the reducing eflect of the 
operation is entirely nullified. 

2. When land is recropped after fallowing the first wheat crop tends to 
be abnormally heavy, thus introducing increased competition with the weeds. 
Some species fail to reassert themselves, but others are able to withstand the 
competition of the wheat and can replenish their stores of seed in the soil by 
the time the first crop is harvested. A few species vary in their response, 
either remaining at a low level or re-establishing themselves quickly after 
fallowing. 

3. Species which soon begin to reassert themselves tend to increase rapidly 
in number and after three years under crop they may be much more plentiful 
than they were before fallowing began, Alopecnrus agrestis and Stellaria media 
being notable examples. Other species tend to remain at a low level, and the 
varying rate of re-establishment results in a definite change in tlie balance of 
the weed flora. Though Papaver rhoeas was only reduced to about half its 
original number by fallowing, it has failed to increase to any great extent, so 
that it is no longer the dominant feature that it was before fallowing was 
begun. 

4. Prolonged fallowing, for four years, reduces the store of buried weed 
seeds more drastically, but does not eliminate them all. The ultimate re- 
establishment of species follows the same lines as after a shorter period of 
fallow, though it takes longer for any species to regain its original numbers 
of viable seeds in the soil. 

6. The period of natural dormancy of most species on Broadbalk proved 
to range from four to nine years, but four species may prove to be able to lie 
dormant for more than ten years. 

6. Bartsia odontites showed very strongly marked periodicity of germination, 
as every seedling appeared between February and June, the majority appearing 
early in the year. 
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7. Relatively few abnormal seedlings have been observed in over 600,000 
which germinated. A few albinos occurred in Alopecurus ayrestis and Papaver 
rhoeas, and also a certain number of tricotyledonous seedlings belonging to seven 
species, chiefly Papaver spp., Alchemilla arvensis and Veronica hederaefolia, 
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THE ESSENTIAL NATURE OF CERTAIN MINOR 
ELEMENTS FOR PLANT NUTRITION 

WINIFRED E. BRENCHLEY 
Rothamsted Experimental Station, Harpenden, Herts, England 

Until about the beginning of this century, ten or eleven elements 
only were generally considered as essential for normal growth of 
plants. The presence of other elements in minute quantities was 
recognized in many plants, but their possible association with nutri- 
tion and growth was not understood. . The activities of the 
French investigators from 1897 onwards focussed attention on the 
function of these minimal traces of elements, and the work of 
Bertrand (9) on manganese, Javillier (70) on zinc and Agulhon 
(1) on boron may be regarded as the foundation of the widespread 
investigations which are now of such practical economic impor- 
tance. 

The French school claimed that some of these minor elements 
were essential for the full development of certain plants, but the 
experimental difficulties in obtaining adequate proof were not at 
that time fully overcome, and for a time the matter remained of 
academic, rather than practical, importance. Still, interest had 
been awakened, and much experimental work resulted in many and 
varied claims being made for different elements — claims which fre- 
quently were not borne out by other tests under different condi- 
tions. In 1923, however, Warington (160) was able to prove 
conclusively that a trace of boron is absolutely essential for the 
development of Vicia fdba, as in its absence the meristematic tissues 
die and growth is impossible. Since then, investigations all over 
the world indicate that boron is probably essential for all plants in 
varying degree and that certain obscure plant diseases may be due 
to a deficiency of this element. 

Although it is more difficult to get clear-cut proof of the essen- 
tial nature of manganese for all plants, the whole body of evidence 
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is now so strong &at this statement is generally accq>ted as fact 
The small amount that is necessary and the closeness of ^ asso- 
ciation of manganese with irmi render this element peculiar^ diffi- 
cult for experimental treatment. Copper and zinc have also 
attracted much attention and their value in certain cases seems 
evident, though they cannot lay claim to the importance of man- 
ganese and boron. 

Work has also been done with a wide range of offier elements, 
often with conflicting results and in no case affording jnoof of 
their universal value. Stimulation of growth is frequently re- 
corded, but up to the present most of the information gained deals 
with the relative toxicity of larger amounts of the elements. It 
must not be forgotten, however, that there is a possibility flmt cer- 
tain elements may prove to be essential for certain plants, fliough 
not for all. If this is the case, the proof of the association of the 
particular element and plant will be difficult to obtain by deliberate 
investigation, but is more likely to be the result of a fortunate 
chance observation. 

During the last thirty-five years the literature on the relaflmi of 
minor elements to plants has become very extensive. Willis' (165) 
bibliography covers between 2000 and 3000 references with ab- 
stracts, and Jacks and Scherbatoff (69) give more than 350 ofliers, 
but even so, the whole field is not covered. Much of this literature 
deals with the toxic and fungicidal aspects of the subject, but in 
the present review attention is chiefly confined to work done on file 
possible essential nature of certain elements for plant growffi dur- 
ing the last five years. In spite of this narrowing of the subject, 
it is almost invidious to select certain papers for comment and to 
omit others, and such omission in no way implies that any particu- 
lar piece of work is of less value than those actually quoted. Any- 
one who is interested in any particular element is strongly recom- 
mended to refer to the two biblic^raphies above mentioned in 
order to get a more adequate idea of the available information- 

BORON 

The essential nature of boron for many species of pbats wm 
fully established before 1930, and the possible connecticMi of boron 
deficiency with certain plant diseases was already under oouddeni- 
tion, as in the extensive investigations of Mes on “topridde’* in 
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tolMUXO (102). During the last five years the practical aspect of 
the matter has been widely investigated, and boron deficiency is 
now suspected to be the cause of a variety of obscure physiological 
diseases which cannot be traced to insect or fut^s attack. 

Heart-rot, crown-rot, or dry-rot of sugar beet is characterized 
by the blackening and death of the central leaves, coupled with 
discdoration or rotting of the upper part of the root. Late in the 
season secondary growing points develop numerous small leaves, 
giving the plants a very dense, short, green top. Where the disease 
is prevalent, the jrield is often very low and the sugar content con- 
siderably decreased (137). It has been found repeatedly that the 
application of small quantities of boric acid or borax to the soil 
effectively prevents or cures the trouble (18, 21, 49, 63, 74, 141). 
The necessary quantities range from about 4^ to 9 pounds of boric 
add, or 10 to 20 pounds of borax per acre, the best time of appli- 
cation bring at or before sowing (16, 17, 43, 106). Where the dis- 
ease occurs on mildly acid soils it is associated with lack of boron 
compounds, but it is also found on alkaline soils which contain as 
much boron as should suffice for normal growth. In the latter case, 
it seems probable that the boron is in some way locked up and 
rendered unavailable for the plants. This hypothesis is strength- 
ened by the increasing amount of heart-rot that is being found in 
districts where the soil is limed, pointing to a gradual withdrawal 
of the boron from its available condition. In England and Scot- 
land the disease is only gradually being recognized and reported, 
but an increase of the trouble is anticipated if heavy liming of the 
sugar beet areas is carried out, as the danger of excessive calcium 
is already realized (13). The association of heart-rot with boron 
deficiency has been confirmed in controlled water culture experi- 
ments, in which similar symptoms can be induced. It is also 
claimed (8) that the presence of boron increases the resistance of 
sugar beet to poisoning by the heavy metals. Solunska (153) has 
examined the growth conditions which determine the effect of 
boron deficiency on sugar beet and suggests that water relations are 
of great importance. His conclusions are that the increase of 
moisture in the soil during the first half of the vegetative period 
stimulates the development of foliage and aggravates the disease, 
while at the very end of the vegetative period, in some cases, it 
may result in recovery of the plant. Fron (44) also suggests that 
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one of fhe chief factors causing heart-rot is lack of water caused 
by the drying out of the soil. 

Brown-heart of turnips is a parallel disease which has been suc- 
cessfully controlled in Canada (89, 90) by the application of ten 
pounds per acre of borax. This has since been confirmed by 
experiments in Scotland and Wales (114a, 169). 

Boron is now generally recognized as essential for tobacco, defi- 
ciency producing characteristic symptoms of disease (152)- As 
generally happens, the meristematic tissues are primarily affected, 
the stem apices die and flowering is inhibited, the effect on roots 
and leaves being less marked. Diseased leaves are richer in stardi 
and sugar than healthy ones, possibly because the disorganized 
phloem interferes with normal transport (146, 147). Deficiency 
of calcium resembles that of boron in that both produce death of 
the terminal bud, but calcium shortage shows first at the tips of die 
young leaves, whereas boron deficiency is first seen as a light green 
color at the base of the young leaves, followed by a general break- 
down (91, 93). Although the evidence is not conclusive, some 
indications of an association between the absorption of boron and 
that of calcium have been obtained in Vkia faha ( 162) . 

Mes (103) states that the symptoms of deficiency are most 
marked when v^etative growth is strongest, as has repeatedly 
been found with Vicia faba at Rothamsted. Attempts to replace 
boron by manganese were ineffective, though the manganese im- 
proved the vegetative growth and the green color. Boric acid or 
borax in small quantities has proved effective in ameliorating this 
deficiency, 5 pounds per acre being adequate in some cases (S>4). 
In Sumatra for years past boron compounds have been used as 
fertilizers in the ordinary commercial routine, their value as a 
preventive of disease being fully accepted (79, 104). 

The tomato, another member of the Solanaceae, also needs boron 
for normal growth and for the setting and development of fruit 
(71, 151). The boron is apparently fixed in the tissues and can- 
not be used repeatedly by the plant, so a constant, though minute, 
supply is essential throughout the period of growth. When the 
main growing points are killed by deficiency, the buds are stimu- 
lated to develop till the boron supply is locally exhausted, when 
S3miptoms of defeneration eiain appear (146, 147). 

Evidence for boron requirement of cereals is less definite, pos- 
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sibly because the minimum requisite amount is very low, onaMin g 
normal growth to be made under conditions which would induce 
disease in many other species which require larger amounts (138). 
The range of boron content in various species has been found to 
be lowest in barley, rye and wheat, from .1 to .3 mg. per kgm. dry 
weight, and highest in tomato, tobacco, potato, beans and peas, 
rising to a maximum of 18 mg. per 1^. dry weight (157). 

Boron deficiency is accompanied by abnormal tillering in wheat, 
which can develop right up to the flowering stage in solutions con- 
taining no boron (111). The ears, however, either do not emerge 
or are badly developed and sterile, a condition which also appears 
in maize under similar circumstances (122). Oats may possibly 
need boron, though this is not fully established, as the yield of 
straw has been increased by boron manuring, but the yield of grain 
reduced (88). The incidence of fungus disease appears to be in- 
fluenced by boron supply, and Eaton (38) found that Erysiphe 
gratninis was abundant on boron deficient barley plants when it 
was absent from those receiving boron, whereas Helminthosporium 
sativum behaved inversely, the attack increasing in severity with 
increasing amounts of boron in the nutrient solution. 

The injurious action of boron for citrus trees is widely recog- 
nized, and sufficient is contained in some irrigation waters to dam- 
age both citrus and walnut (143) . Minute quantities are, however, 
essential and the anatomical and physiological changes induced by 
boron deficiency have been reproduced in controlled experiments 
(50, 53, 54). Here again the meristematic tissues are primarily 
affected, gum formation following. Abnormal carbohydrate ac- 
cumulation occurs in the leaves, but as this excess is rapidly reduced 
if boron is supplied, it seems probable that an improvement in the 
conducting tissues plays an important part in the recovery of the 
plant. 

Symptoms of boron deficiency manifest themselves later and 
develop more slowly during spring and autumn than in summer. 
This appears to be due to the reduced length of day (161), rather 
than to lower temperature. A certain correlation exists between 
the factors of boron and length of day as, with a variety of spe- 
cies, in the absence of boron the influence of length of day was 
found to be less striking than when boron was present, whereas 
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the boron (lefiden(^ symptoms were less pronooiKed under short 
day than under full day conditions. 

Now that the signs of boron deficiency are becoming known, 
growers are beginning to attribute various cases of unhealthy or 
failing crops to this cause, and in many cases the trouble can be 
overcome by the use of small dressings of boron compounds. 
Sugar cane in water culture experiments exhibited depressed 
growth, distorted and chlorotic young leaves, and definite stem and 
leaf lesions in the absence of boron, normal growth being resumed 
if as little as .22 p. p. m.^ of boron was added to the nutrient solu> 
tion (99)- The demands of strawberry are somewhat greater, 
varying according to the season of the year, 1 p. p. m. of boron 
preventing deficiency symptoms in spring, but not in summer. 
Cases have been observed in field conditions where deficiency of 
boron has definitely limited growth (57). Flax soon perished 
without boron, showing decay of the growing points of the shoots, 
and bad development of lateral rootlets (148). In water cultures 
the dry weights obtained were 

With boron 8.07 gm. 100 per cent 

Without boron 14 gm. 1.73 per cent 

Under soil conditions, better growth occurred if boron was added, 
and the flower buds appeared earlier. Overtreatment with calcium- 
or manganese-carbonate on certain soils causes boron deficiency in 
flax, as it does with sugar beet, a condition that can be remedied 
by fertilizing with boron compounds (156). 

Claims have also been made for the need of cotton (39), red 
clover (47), soybean (114), lettuce (86, 87), buckwheat (105) 
and blueberry (145) for boron, and doubtless other species will be 
added to the list as time goes on. Germination of maize and the 
early stages of growth in potatoes have also shown benefit from 
traces of boron (134). Care will be needed, though, not to at- 
tribute all obscure plant diseases to boron deficiency without ade- 
quate proof. Although it is perfectly clear that in many cases it is 
genuine damage due to lack of boron which is cured by the applica- 
tion of boron, we do not yet know whether in the soil there are 
other conditions causing unhealthiness in plants which are remedied 

^ Parts per million. 
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by treatment with boron. If this should be the case, the benefit of 
boron would be indirect, and not direct, but so far no evidence of 
this type of action has come to light, except in the possible case of 
rubidium injury in potatoes, which has been mitigated by the supply 
of available manganese and boron (56). 

COPPER 

For many years past the importance of copper has been recog- 
nized in connection with its function as the active principle of Bor- 
deaux mixture, used for controlling fungal disease on important 
cultivated crops, as Phytophthora infestans on potato and Perono- 
spora viticola on vines* This naturally led to enquiries as to the 
possible harmful action of the copper which falls to the ground 
during spraying, but all evidence in this respect has been negative, 
as the copper forms insoluble compounds in the soil with chalk, 
oxide of iron and alumina, and is, therefore, removed from the 
sphere of action (128). 

More recently, the importance of copper in certain aspects of 
animal physiology has attracted much attention, and suggestions 
have been made that this element, in very minute quantities, may 
also be essential to plant life. This claim is by no means proved, 
but there are definite instances where copper has certainly improved 
growth in one way or another, though it cannot yet be regarded as 
“essential” in the true sense of the word. Far more critical work 
is necessary before copper can be considered on the same footing 
as boron and manganese. 

The most spectacular work with copper was that of Allison, 
Bryan and Hunter (3) in 1927 on the sawgrass peat in Florida, 
when they found that the wholly unproductive soil could be made 
to produce excellent crops of lettuce, radish, turnips, rape, tomatoes, 
etc., by the addition of 30 pounds of copper sulphate per acre 
without any further manuring. Since then, various workers have 
found that copper is beneficial to crops grown on peat and muck 
soils (164), but, as in some cases similar effects can be obtained by 
the use of certain manures, as potash (167, 173), it is still a moot 
question as to whether the action of the copper is directly on the 
plant, or whether it acts indirectly by ameliorating some adverse 
condition in the soil. Allison (2) has attacked this problem and 
claims that in sugar cane normal development follows if copper is 
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introduced into the plant in other ways than by the roots, though 
this still does not eliminate the possibility of some action of copper 
on toxins absorbed from the soil. Whatever the explanation, the 
benefit itself cannot be questioned, and in Holland it is the recog- 
nized practice in reclamation of peat land to add 50 kg. per hectare 
of copper sulphate during the first year, as a preventive of what is 
known as “Urbarmachungskrankeit” or reclamation disease (cf. 
20, 149, 171). 

Certain types of chlorosis can be remedied by application of 
copper salts, either with the fertilizer at the roots or by spta}nng 
the leaves. The “frenching” or spotting of citrus leaves has been 
cured by spraying with Bordeaux mixture or by applying copper 
sulphate to the soil (117). Despite the increase in chlorophyll 
production, however, no copper was detected in the dilorophyll 
itself. Exanthema in pear trees is also attributed to copper defi- 
ciency, but there is no evidence as to whether the disease is due to 
the absence of copper per se, or to the presence of soil toxins, the 
effect of which is neutralized by the action of copper (118). Chlo- 
rosis of other deciduous fruit trees has also been cured by the use 
of i-2 pounds copper sulphate per tree, applied to the soil (5, 67). 
From another point of view the addition of copper sulphate to the 
usual fertilizers is said to improve the thickness and color of onion 
scales, though the results are not always consistent (77, 78). 

Increased yields due to treatment with copper have been claimed 
in various quarters (135). Oats (19, 88), tomatoes (151), maize, 
sweet potatoes and beans (130) are among those mentioned and 
indicate the wide range of plants that apparently respond to copper, 
though in other cases no benefit was found with tomatoes (119) 
or buckwheat (105). It must, however, be remembered that an 
element may stimulate growth without being essential in the sense 
that in its absence vital aspects of growth are inhibited or seriously 
checked. More proof than this is needed, and certain investigators 
have af^lied more critical methods. Using water culture methods, 
Lipmann and McKinney (81) found that flax grew satisfactorily 
without cc^>per till blossoming, but the amount of bloom was re- 
duced and no capsules or seeds were produced. Barley also needed 
copper for seed formation, 1/16-1/18 p. p. m, of Cu in the nutrient 
solution being sufficient. Sommer (154), on the other states 
that flax, tomatoes and sunflowers made little growth without cop- 
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per after the first week in nutrient solution. None of these work- 
ers has any clue to the role of copper, though it has been suggested 
that it may be auto-oxidant or catalytic in action. Among lower 
plants copper, as well as manganese and zinc, has been found to 
increase the growth of Aspergillus fiavus and Rhisopus nigricans, 
better results being obtained from a combination of these elements 
than from each separately (84). The fat content was also in- 
creased but the proportion of nitrogen decreased by a very low 
optimum amount, the toxic limit soon being reached. 

Although the claim for the essential nature of copper in the 
economy of plants cannot yet be substantiated, the evidence in hand 
is sufiiciently encouraging to justify more extended investigations 
under strictly controlled conditions, for it is quite possible that 
copper may be essential for some plants or under certain conditions, 
and be unnecessary in other cases and for other species. 

MANGANESE 

The recognized importance of manganese for growth has encour- 
aged work on the manganese content of plants, which varies con- 
siderably between species and also in a single species grown under 
different conditions. Lundegardh (82) states that manganese is 
very slowly absorbed and that the total soil manganese has no great 
influence on the uptake. The addition of manganese sulphate to 
the soil may increase the manganese content of crops grown thereon 
(28), and with spinach a larger amount was found to be absorbed 
when the fertilizer was applied in several small dressings instead of 
all at once in a single treatment (108). This may imply that the 
sulphate remains available only for a short time and that repeated 
small applications enable the plants to utilize a larger proportion 
before the remainder becomes unavailable. The manganese con- 
tent of plants grown in soils of varying acidity has been found to 
increase with the hydrogen ion concentration of the soil, due to a 
higher proportion of manganese in the soil water of acid soils 
(116). 

Grasses vary considerably in their ability to take up manganese 
from the soil, the average content in one test varying from 207.5 
mg. per kilogram for Dactylis glomerata to 78.1 mg. per kg. dry 
matter for Poa pratensis, while lucerne was lower than any grass, 
with only 46.6 mg. of manganese per kilogram (14). It is gen- 
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erally found that the proportion of manganese is higher in the 
leaves than in other parts of vegetables and fruits (126). Also, 
for any one species at any time the green leaves are always ridier 
in manganese than etiolated, chlorotic leaves (11). The demands 
of species vary considerably, as is indicated by variation in the 
response of different crops to manganese fertilizers. 

From the practical point of view the importance of manganese 
lies in its ability to prevent chlorosis and to increase the yield of 
crops. Manganese deficiency disease is usually manifested by a 
loss of green color, and is apt to be most marked on soils of high 
pH (30), rarely showing itself on add soils. Heavy liming on 
some soils is, therefore, often followed by the appearance of 
trouble (80) due to the manganese in the soil being rendered un- 
available for the plant, and where such liming is necessary for the 
production of certain crops the use of manganese fertilizers is 
essential (166). 

Chlorosis due to manganese deficiency shows itself in character- 
istic ways. In tomato and cucumber plants the tops are first af- 
fected, the intravenal tissue of the leaves gradually changing from 
green to yellow while the veins and midribs remain green, produc- 
ing a definitdy mottled appearance. The general growth is weak- 
ened and the flower buds usually turn yellow and fall before open- 
ing (59). It appears that certain factors, as low temperature and 
slow growth, enable plants to withstand manganese chlorosis and 
that the trouble can also be overcome dther by the addition of 
manganese compounds to the soil or by the correction of the soil 
reaction so as to make the manganese which is present available to 
plants (46). This correction can be made by increasing the acidity 
by the application of sulphur or ammonium sulphate, or by causing 
temporary water logging, in which the high degree of water satura- 
tion acts as a reducing agent (123). Many crops are improved 
either in health or yield by the application of manganese fertilizers, 
including blue lupins, soybeans (97), oats (29, 88), spinach, beets, 
blueberry (145), buckwheat (105), tomatoes (68, 129) and cu- 
cumbers, 100-150 lbs. per acre of manganese sulphate being ef- 
fective with the latter (58). When all the tests are reviewed, 
however, it is evident that crops differ considerably in respect of 
their manganese requirements (115). In some cases, the reports 
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indicate that no benefit has been derived from manuring with 
manganese (64). 

On the other hand, a type of chlorosis is induced also by excess 
manganese, as may occur with blue lupins on limed soil if there is a 
deficiency of iron (142), while poor growth of rice has been ob- 
served in the presence of an excess of soluble manganese in the 
soil (72). Chapman (25) has put forward the hypothesis that 
excess of manganese hinders the transport of iron to and from the 
leaf by converting it into an insoluble ferric form, thus causing 
chlorosis. 

Citrus, sugar cane and tobacco are three other crops which react 
to deficiency of manganese. In Florida and California the growth 
of citrus and the quality of the fruit have been much improved 
and any tendency to chlorosis overcome on alkaline soils by appli- 
cations of manganese salts (150). Haas (51) found that in acute 
cases of deficiency, citrus leaves absciss prematurely and the shoots 
die back. The roots remain healthy after deficiency symptoms are 
manifest in the shoots, suggesting that the roots absorb what man- 
ganese is available and retain it, not surrendering it to the stem 
and leaves unless more manganese is supplied. 

Sugar cane exhibts the usual type of chlorosis due to manganese 
deficiency, and the yield and quality of the sugar is also affected 
(34, 98). The purity of the cane sugar is usually higher on soils 
with high manganese content (158), and there is also less brown- 
stripe disease on such soils (55). Sugar beet also shows increase 
in yield and sugar content if manganese deficiency is eliminated 
(48). The relation of sugar to manganese has been worked out 
in other species. Wheat, maize, lettuce and tomatoes grown with- 
out manganese have been found to be lower in reducing sugar and 
sucrose than those receiving manganese, indicating that the element 
plays some important part in sugar formation and sugar metabo- 
lism. In these experiments the manganese was injected straight 
into the stems, thus enabling both control and manganese plants to 
be grown in the same pots under identical conditions of nutrition 
and environment (107). 

Apart from chlorosis, various other observations with relation 
to manganese have recently been made- Tobacco, while showing 
the usual deficiency chlorosis (93), is also very sensitive to excess, 
as plants growing on add soils may be injured by toxic quantities 
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of soluble manganese (15). In sudi cases, phosphate fertilizers 
reduce the injury, probably by rendering the excess manganese in- 
active in the plant. Walnut yellows is a disease that is still little 
understood and for which manganese deficiency has been suggested 
as the cause. As, however, affected walnut leaves and bark contain 
a higher proportion of manganese than the healthy tissues, the 
cause cannot be attributed to manganese deficiency unless a consid- 
erable amount of the element that is present is for some reason or 
other unavailable for use in plant metabolism (52). 

A most important aspect of manganese deficiency is its relation 
to grey-speck disease of oats and wheat. Inspired by Samuel and 
Piper (132), various investigators have obtained control of the 
disease by judicious use of manganese (33, 101, 163). Gerretsen, 
however, is now claiming that this does not represent the whole of 
the story, but that other factors of a bacterial nature combine with 
the manganese deficiency to cause the disease (45). Manganese 
defidenqr in barley has been dealt with effectively by drilling i cwt. 
of manganese sulphate with the seed (144). 

Qaims have been made that small quantities of manganese stimu- 
late the growth of various plants (136). As, however, this has 
been specifically claimed for plants grown under alkaline conditions 
it remains an open question as to whether a genuine stimulation 
occurs, or whether it is merely that an incipient manganese defi- 
ciency, causing reduction of yield without external S3miptoms of 
damage, is overcome by the application of manganese salts, result- 
ing in an improvement in growth which suggests stimulation. Seeds 
of chickpea and peanut treated with .5 per cent solutions of man- 
ganese sulphate before sowing have been found to grow faster than 
control seeds for the first 10-20 days, this being attributed to the 
effect of the salt in accelerating enzyme activity during mobilization 
of food reserves and early stages of plant growth (172). 

A certain amount of work has been continued with crypt(^;ams 
and simpler phanerogams. Traces of manganese are beneficial to 
yeast, increasing the dry weight (85), though the toxic limit is 
soon reached, resulting in decreased growth or death of the cells. 
Further claims are made for the importance of mang anese for 
Aspergillus tiiger, for which it appears to be essential for normal 
growth and sporulation (155). Hopkins (60, 61) found that the 
green alga CMoreUa made no growth without manganese and sug- 
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gests that the element functions physiologically in an indirect man- 
ner by its action on the state of oxidation of iron, so that sufficient 
manganese must be present to ensure the oxidation. The evidence 
in regard to Lemna is conflicting, as workers who originally stated 
that manganese had no beneflcial effect (27), have repeated their 
work and now state that minute traces in the nutrient salts must 
have been overlooked, and that it appears that Lemna major does 
need a trace, though 1 : 300,000,000 is sufficient to give good growth 
(26) . Here again the toxic limit is very soon reached, 1 mg- Mn 
per litre being too high a concentration for optimum growth (131). 

ZINC 

The essential nature of zinc in fungus nutrition has been claimed 
for many years, since Raulin (125) worked in 1869 with Asper- 
gillus niger. After much controversy, the general opinion is that 
this view is correct, and various workers have put forward further 
proof in the last five years. Steinberg (155) states that normal 
growth and sporulation of Aspergillus niger can occur only in the 
presence of several minor elements, including iron, copper, man- 
ganese and zinc. The dry weight of yeast (85) is also increased 
by zinc, though, as usual, too heavy doses are toxic. 

Among the higher plants claims are made for the value of zinc 
from two aspects — as a stimulant to the growth of certain crops, 
and as a specific against certain diseases. McHargue and Shedd 
(88) obtained increases in straw and grain of oats by the addition 
of traces of zinc to sand cultures, whereas Scharrer and Schropp 
(140) found greater stimulation with other cereals and peas than 
with oats. Buckwheat and flax have also been improved by zinc 
in some circumstances as, for instance, where flax was grown on 
heavily limed acid soil (73). 

The more important aspect is in relation to plant diseases which 
are attributed to a deficient supply of zinc. Trenching or mottle- 
leaf of citrus, little-leaf of fruit trees (96), court-noue of vines 
(36), pecan rosette (42) and bronzing of tung trees (113) have 
all been successfully treated by zinc sulphate, leading to the as- 
sumption that zinc is essential for certain metabolic functions and 
that a deficiency of the element hinders normal development. Ap- 
plications of zinc sulphate to the soil, varying from .25 to 15 lbs. 
per tree, according to the type of citrus, have caused marked im- 
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provement in badly frenched trees (23), but this method sometimes 
fails. Spraying with solutions of zinc sulphate is more generally 
successful (159) and sometimes direct injection into the tissues 
is satisfactory (95). According to Dufrenoy and Reed (37) zinc, 
as well as iron, has a spediic effect on leaf assimilation, mottle- 
leaf being a pathological symptom indicating an interruption of 
equilibrium between the cytoplasm and its inclusions. The provi- 
sion of zinc to affected plants increases chlorophyll production and 
photos 3 rnthetic activity. A significant point is that zinc is present 
in the cells of treated, but not untreated, orange trees, leading to 
the direct association of zinc with recovery of the plant. 

Little-leaf or rosette of fruit trees is characterized by the pro- 
duction of numbers of abnormally small leaves, and the value of 
zinc as a corrective is acknowledged from many quarters- Opin- 
ions differ as to the best method of application, and soil applica- 
tions, injection into the tissues (35) and spra}ring (121) or dipping 
all have their advocates. While it is probable that little-leaf of 
fruit trees is a symptom of an inadequate supply of zinc for normal 
metabolism. Chandler, Hoagland and Hibberd (24) point out that 
tile trouble may not be due to zinc deficiency only, as large woody 
perennials grown on the same soil as the fruit trees are also sus- 
ceptible, while annual plants are generally free from attack. They 
suggest the possibility that zinc may aid in the precipitation of toxic 
substances formed by certain soil bacteria, and that the beneficial 
action of zinc may thus be indirect rather than direct. 

Though the beneficial effect of zinc in these various types of 
abnormal development cannot be denied, no definite proof yet exists 
that zinc is essential for normal development of higher plants. 
Such proof can be given only by experiments in which plants are 
grown from seed in the entire absence of zinc, as has been done 
with boron, copper and manganese. If little-leaf, frenching, etc., 
could then be produced artificially, the practical results already 
available would provide a most valuable weight of evidence in 
support of the hypothesis. 

OTHER ELEMENTS 

Up to the present, definite evidence of the essential nature of 
"minor” elements has been established only for the four elements 
already examined. A considerable amount of work has been done 
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with others with the same objective, but so far with very little suc- 
cess. The much-tested fungus, Aspergillus niger, has shown some 
stimulation with very low strengths of various elements (124), 
higher concentration being very toxic. Other elements exhibit tox- 
icity and among the halogens fluorine is the most poisonous. With 
higher plants only indifferent or toxic action has so far been proved 
with such elements as bromine (168), fluorine (105, 112, 133), 
molybdenum (139), selenium (65, 66, 76), uranium (7), thallium 
(62, 83, 92), caesium (4), palladium, berylUiun and zirconium 
(6, 22) . Rubidium is usually found to be toxic or indifferent (4, 
22) though Loew had earlier claimed that in small amounts it bene- 
fitted Chinese cabbage, barley and spinach. Rather more evidence 
of occasional stimulation occurs with a few other elements, 
described below in more detail. 

ALUMINUM 

Toxicity of aluminum is repeatedly being shown (41) but there 
is no evidence that small quantities of the element are essential for 
growth. The beneficial effects occasionally recorded are generally 
due to soil reaction caused by the aluminum liberating supplies of 
definitely necessary elements, such as iron (127), of which scarcity 
causes chlorosis. 

ARSENIC 

Arsenic is also noted for its toxicity (31, 120), but in conjunc- 
tion with other minor elements it has been found to increase the 
frost resistance of young maize plants under certain cultural 
conditions (122). 

BARIUM, LITHIUM, STRONTIUM AND CHROMIUM 

The first three may possibly play some part in the metabolism of 
sugar cane, as they have all been found in very productive soils, 
while they were absent in poor soils. Strontium, with chromium 
and zinc, may also exercise some inhibitory action on diseases of 
sugar cane, which is interesting in view of the stimulation exer- 
cised by strontium on Aspergillus niger in high concentrations 
(124). In scmie areas, the proportion of brown-stripe disease of 
sugar cane varies inversely with the amount of chromium present 
in the soil (55). 
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CADMIUlC 

It has been claimed that cadmium stimulates oats, rye, wheat and 
barley grown in sand or water cultures, the concentration var 3 ring 
with the species, but maize was not found to respond. The degree 
of stimulation was less than that obtained with equivalent amounts 
of zinc (140). Low concentrations of cadmium have also been 
found to stimulate growth of Aspergillus niger, high strengths 
being toxic (124). 

COBALT 

Cobalt is a widely distributed constituent of plants, occurring in 
small quantities in many species. No relation has yet been proved 
(12) between plant growth and the presence of cobalt, though sotoc 
workers have suggested that both cobalt and nickel may act as 
catalyzers in the living plant (10). Cobalt in great dilution has 
been found to act favorably on Aspergillus, though the effect is not 
so clear as with nickel (110). 


IODINE 

While it is generally recognized that iodine is toxic in stronger 
concentrations (109, 170), opinions differ as to its action in great 
dilution. Whereas Meyer claimed that iodine is essential for the 
best growth of buckwheat (105), Cotton states that it exerts no 
beneficial action on that species even in great dilution (32) . Potas- 
sium iodide has been found to improve lettuce, cucumber and 
tomatoes, causing quicker growth and preventing crimping in 
lettuces and stem-rotting in tomatoes (75). 

HEKCUKY 

Advantage is taken of the toxicity of mercury to control such 
diseases as potato-scab, at the risk of reduction of crop (40, 90). 
The possibiUty also exists that mercury may precipitate the toxins 
causing little-leaf of fruit trees (24), but no directly beneficial 
effect upon grovirth has been shown. 

NICKEL 

Nickel is so widely distributed that it may almost be regarded as 
a normal constituent of plant tissues (100), but it has not yet been 
proved that it plays any essential part. 
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TUNGSTEN 

Stimulation of the early growth of seedlings of various cereals 
and peas has been observed with low concentrations of tungsten 
in the form of sodium tungstate, the beneficial strength varying 
considerably with the species (139). 

SUMMARY 

The available evidence makes it quite clear that small amounts 
of boron and manganese are essential to the growth and health of 
many, if not all, species of plants. Copper and zinc have also been 
found to be necessary in many cases, though up to the present it is 
uncertain whether this need is universal. Apart from these four 
elements, isolated cases only of improvement due to traces of 
other minor elements have as yet been established. It may be, 
however, that specific elements are necessary for specific plants, 
and it is possible that the conclusive evidence already obtained with 
boron and manganese may further the opening of a wide field of 
investigation which may lead to results of far-reaching importance 
from scientific and economic standpoints. 
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A Study of Heart>rot of Young Sugar-beet Plants 
Grown in Culture Solutions. 

BY 

ETHKL A. ROWE, M.Sc. 

{Botamral Department^ Rothamsted Experimental Station, Harpendtn, Herts ) 

With eleven Figures in the Text. 

Introduction. 

W ARINGTON (10) has reported on the changes in anatomical 
structure induced in broad beans by growing them in a medium 
free from boron. She found that wilting and ultimate death of the plants 
was preceded by basipetal degeneration of the tissues from the apex, which 
was at first confined to the cambium and vascular tbsues of the plant. In 
Viciafaba Warington found that, if the plant was not irreparably damaged, 
the addition of boron to the nutrient solution cau.'-ed the development of 
new axillary shoots at the base of the main shoot 

It has been known for some time that the disease called • heart-roi ' in 
sugar-beet is due to boron- deficiency. This fact has been demonstrated 
by Brandenburg (2, i3). de Haan (4), Kaufmann (7), Foex and Burgevin (6), 
Bobko and Belousov (1), &c. In view of the abnormal type of secondary 
thickening in Bela it was thought that a study of the anatomy of b'»ron- 
starved plants might prove interesting since, normally, separate concentric 
cambia are cut off in the ground tissue at intervals throughout the life of 
the plant. It seemed possible that the death of one cambium need not 
necessarily preclude further growth in thickness in the same organ when 
boron was restored to the nutrient solution. Thus, zones of normal and 
degenerating tissue might be obtained in the same organ, and an opportunity 
would be provided for observing stages in disintegration. 

Reference to the literature made it clear that sugar-beet is very sensi- 
tive to boron In great dilution, and that just as in broad bean, while a con- 
centration of 1 : 1 , 000,000 boric acid is enough for normal development, in 
the absence of boron growth is inhibited and disintegration sets in. Accord- 
ingly, a number of sugar-beet seedlings were raised and transferred to 
culture solutions. 

[ Auwlt of Botwij, Vot. L. No. CC. October, 1936.] 
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Experimental Methods. 

Fruits of sugar-beet were set in damp sawdust and seedlings were 
available in about nine days. Forty-two of these were transferred to 
covered bottles containing nutrient solution of the following constitution : 

KNO, ig. KHjPO, 0-3 g. 

MgSOi 0-5 g. K.HPO, 0-27 g. 

CaSO< 0-5 g. Fe,CI, 0-04 g. 

NaCl 0-5 g. MnSO, 0-cx5l g. 

Water to make up to one litre. 

This is one of the Rothamsted food solutions, and its pH is about 6-3. 
The chemicals used had previously been tested by spectroscopic methods, 
and were guaranteed to be free from all traces of boron. 

The experiment was begun in the second week in May 1935, and 
terminated by fixation of the material on 6th August of the same year. 


Plan of the Experiment. Taple I. 

(Seeds set in damp sawdust on 9th May 1935.) 
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As a fixative, 2BE (LaCour(8)) was used, and this gave good results. 
After sectioning the material, it was found that staining with gentian violet 
alone was more satisfactory than the use of a double stain. 

The plants were divided into six sets of seven each (see Table I). 

I. Plants grown without boron for the first three weeks. 

A. Transferred to a solution containing j p.p.m. on Jth June^ 

and deprived of boron again one week before fixation. 

These plants were greatly retarded at the end of the first three weeks, 
most of them having small root-systems and no expanded leaves except 
for the cotyledons. After the transference to boron, however, the growth- 
rate rose considerably, although at six weeks old the hypocotyls were not 
yet swollen, and the leaves were still very small as compared with the sets 
that from the outset had been supplied with boron. Recovery continued 
in all except one plant, which succumbed in the tenth week. The rest of 
the set had several expanding leaves and swollen hypocotyls by the end of 
July* On 31st July they were replaced in boron-free solutions, but no signs 
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of heart-rot, either external or internal, had set in when they were fixed on 
6th August. 

B. Transferred to a solution containing 2 p.p.m. on ph June, 

and deprived of boron again one week before fixation. 

Recovery after the initial three weeks deprivation of boron was more 
rapid in this set than in that receiving i p.p.m. of boric acid (the A set), 
and none of the plants died. By the middle of July all of these were 
sturdy plants with swollen hypocotyls, and growth in boron-free solutions 
for a week before fixation produced no sign of heart -rot. 

In both the A and the B sets the original terminal bud had died, and 
growth was continued by two or three closely-sct axillary buds at the top 
of the beets. 

C. Maintained in boron free solutions. 

These plants did not grow beyond the seedling stage, and by a8th June 
they were all dead. 

II. Plants grown with i p.p.m, boric acid for the first three iveeks. 

D. Transferred to fresh solutions containing boron for three weeks^ 
deprived of boron on 26 ih June for a further three weeks ^ then supplied zvith 
boron until the end of the experiment three weeks later. 

These plants grew well, and had a number of leaves and thickened 
hypocotyls by 26th June, A fortnight after this all of these plants showed 
unmistakable signs of the disease. The older leaves were quite healthy, 
but the bases of the younger leaves and the apical buds were black and 
shrivelled. With the restoration of boron on 15th July these plants began 
to recover. By 31st July, all the blackened leaves had dried up, and new 
green leaves from axillary buds and new roots were developing rapidly, 
progress continuing steadily until the end of the experiment. The plants 
appeared rather bunchy owing to the large number of small leaves growing 
out from the top of the hypocotyl. On cutting the swollen beets open 
longitudinally, it was seen that they were all more or less marked with 
brown streaks. 

E. Transferred to fresh solutions containing / pp nt, Hr^BO^for another 
six weeks ^ deprived of boron on iph fuly^ and kept without boron until the 
end of the experiment. 

By 15th July these beets were considerably swollen, and each had a 
number of well-grown leaves. After a fortnight in boron-free solutions 
blackening of the apical buds and the bases of the younger leaves had 
taken place, while the older leaves remained quite healthy in appearance. 
This condition became accentuated during the last week of the experiment, 
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gradually including older leaves as the disease spread outwards. The beets 
were split open longitudinally, and were all found to be more or less marked 
with brown streaks at the top, which were particularly evident in one plant. 

F. Given 2 p,p.fn. H^BO^ on yth June, 4 pp*m* on lyth July^ and 
8 pp.m, on jist July, 

Throughout the experiment, these plants were healthy and actively 
growing, After six weeks in solutions containing a p.p.m. HgBOa, they 
showed no improvement on the last (E) set that had, up to that time, been 
supplied with i p.p.m. The higher concentrations given later on had no 
apparent adverse effect on the metabolism, as it was clear that the plants 
had not been poisoned by a concentration of 8 p.p.m. H3BO3. 

Considerable resistance to the absence of boron in the nutrient solution 
was shown by the young seedlings of sets A, B, and C, and this was pre- 
sumably due to the presence of this element in the cotyledons. Before the 
end of three weeks this reserve was exhausted, and doubtless the plants 
would not have recovered if the addition of boron had been delayed much 
longer. The plants were only thirteen weeks old when they were fixed, 
and through the whole of this time boron appeared to be of definite impor- 
tance in the metabolism of this plant, since at all stages, after that of the 
young seedlings, signs of disintegration were visible in ten days after the 
change-over to a boron-free solution, although not in less time than this. 

Structural Changes due to Absence of Boron. 

I. General outline. 

A study of serial sections of a beet reveals the fact that each of the 
rings of secondary vascular tissue, to the development of which the swelling 
of the beet is due, is composed of downward continuations of leaf-traces. 
These vascular rings are considered by Eames and MacDaniels ( 5 ) to 
originate in the proliferating pericycle. The rings are not regular, but 
consist of two or more arcs, each representing a single leaf-trace. Probably 
the number of arcs in each ring depends on the phyllotaxis of the leaves 
to which they are connected. 

Sels A and B. 

(Grown without boron for three weeks, then given boron till a week 
before fixation). 

In these plants, as a result of the early destruction of the original 
growing point due to a lack of boron, two or more buds have grown out, 
each giving rise to its own set of vascular rings. The diseased vascular 
system has been pushed over to one side, and appears in transverse view 
near the top of a longitudinal section of the beet (Fig. i). 
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Set D. 

(Grown in the presence of boron except for three weeks during June 
and July). 

In this set of beet the central vascular ring is without any sign of 
cellular disint^ation. The next few rings are normally developed, but 



Fig. I. Nearly median longitudinal section of a beet from the A set (grown without boron for 
three weeks, then given boron until a week before fixation), o. v, s. original vascular system of the 
seedling cut transversely. Diseased cells .ire dotted. The scattered cells represented are vessels. 
h, V. s. healthy vascular strands formed by the leaves which weie developed on recovery of the plant. 
a. 6 . axillary buds which have continued the growth of the beet since the destruction of the original 
terminal bud. x 35. 

frequently disintegration of the parenchyma immediately inside the xylem 
has occurred, and in some places the phloem shows signs of the disease, 
either by hypertrophy of the cells, or by the blocking of most of the sieve- 
tubes. The fifth ring in Fig. 2 is represented by disintegrated or abnormal 
cells in groups. Evidently the cambium had not long been initiated here 
when the consequences of boron deficiency became effective. It appears 
that before disintegration set in, differentiation was accelerated, and vacuo- 
lization, swelling, the development of intercellular spaces, and the thickening 
of the cell walls took place. Some of the surrounding parenchyma cells 
became hypertrophied and cross divided by extremely thin walls, while 
other cells became crushed (Fig. 4). Immediately outside these patches 
of disintegrated cells is a ring of healthy, normally developed vascular 
tissue (Figs. 2 and 3), succeeded by two rings of cambium. The cells that 
have been cut off from the latter have not yet become differentiated. 
Evidently these last three rings are connected with the new leaves developed 
from the top of the beet after the restoration of boron to the nutritive 
solution. 

Set E, 

(Grown with boron until three weeks before fixation). 

These plants spent the last three weeks in boron-free solutions. As in 
Set D, the inner secondary vascular zones show very little heart-rot, while 
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Fio. 2, Diagram of the vascular arcs in a sector of a transverse section taken some distance 
below the apex, from a beet of the D set (giown in the presence of boion except for three weeks in 
June and July). Healthy vascular zones shown by close parallel lines, with the vessels in outline. 
Diseased vascular tissue and parenchyma dotted, a Youngest zone of secondary vascular tissue- 
cells as yet undifferentiated. 6 . Zone of diseased vascular tis-^ue that must have been in process of 
differentiating when the disease set in. c. Oldest vascular ring— still quite healthy, x 45. 



Fig. 3. A vascular strand from the arc immediately FiG. 4. Strand from the diseased vascular zone in 
outside the diseased vascular ring shown in Fig. a. pA. Fig. a. a. Cells which in normal conditions would 
Phloem. V. Vessels, x 450. have become vessels, x 450. 
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the parenchyma adjacent to the younger vascular arcs often exhibits stages 
in disintegration. The outermost arc of meristematic cells, representing 
the activity of a new cambium, consists of an incomplete zone, several cells 
in width. This is diseased, the cells being crushed between hypertrophied 


a. 



Fig. 5, Diagram of the vascular arcs in a sector of a transverse section taken some distance 
below the apex, from a beet of the E set ^grown in the presence of boron until three weeks before 
fixation). Healthy vascular zones shown by close parallel lines, with the vessels represented in 
outline. Diseased vascular tissue and parenchjTna dotted, a. Outermost arc of cambium-— diseased. 
b. Innermost vascular ring— healthy. The intermediate lings are all slightly diseased, x 45. 


cortical cells (Figs. 5 and 6). In longi- 
tudinal section (Fig. 7), the youngest 
leaf-trace is seen immediately below 
the leaf bases, on its outward course 
from the growing point of the beet to 
the periphery. 

SetF, 

(Grown with boron throughout, 
increasing in quantity with the age of 
the plant). 

At the close of the experiment, 
the axes of these plants had attained 
growth of the secondary vascular rings 



Fig. 6. Part of the crushed cambium of 
the outermost leaf-trace from Fig. 5. x 990. 


o a maximum diameter of one inch, 
being normal throughout the axis. 


II. Anatomical details. 

The meristematic tissues of the shoot are the first to degenerate as a 
result of boron deficiency. The apical growing point of the stem, the 
embryonic leaves, and the newly developed cambia rapidly disintegrate. 
The cells of the vascular system that were in process of differentiating when 
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boron was withheld appear also to be very susceptible to the omission* 
Frequently the cells become thick-walled but apparently not rigid, since 
hypertrophy of the surrounding cortical cells causes them to assume very 
irregular shapes (Fig. 4). Many of the cells of the ground tissue and a few 



Fig* 7. Nearly median lonj^itudinal section of a beet from set £ (grown with boron until three 
weeks before fixation). </. A entirely disintegrated tissue, including the bases of the youngest leaves 
and the tissue round the actual apex, which are shaded in black, d. v, s» diseased vascular strands, 
marked in thick lines, h. v, s. healthy vascular strands of the outer leaves and of the beet, shaded 
in thin lines when cut longitudinally and in dots representing the vessels when cut transversely. 
X 35. 

of those in the diseased vascular strands appear to have undergone division, 
and the two daughter cells are separated by an extremely thin wall. In 
the later stages of the disease, w^here older vascular arcs are affected, the 
cambial cells have become irregularly swollen and divided, and much of 
the phloem and parenchyma is completely disintegrated (Fig. 8). 

Not infrequently the sieve-tubes of healthy plants contain plugs of 
densely staining material which presumably is callose. This is sometimes 
developed as a solid rod throughout the cell (Fig. 9), or disposed as a peri- 
pheral lining. These phenomena occur much more frequently in the phloem 
of diseased plants, where they are very typical. It may be that their 
development is the characteristic precursor of the subsequent degeneration 
in the mature tissues of vascular strands, since they are sometimes frequent 
in strands which do not exhibit any other signs of disease. 

Root-tips of diseased plants were examined, and these showed features 
similar to those observed by Sommer and Sorokin (9) in boron-starved peas, 
viz. differentiated vascular tissue occurred much closer to the apex than in 
healthy roots, and none of the nuclei were dividing. It would appear cither 
that there is some difference between the growing points of root and shoot, 
since the root-tip does not degenerate at the same time as the shoot apex, 
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or that the minimum amount of boron necessary for the mere maintenance 
of the root-tip is retained within its cells. 

The cambial arcs arise centrifugally in the beet, and the peripheral 
ones, being the youngest, are therefore connected with the innermost 



Kig. 8. Transverse section of a vascular stiand from near the apex of a plant that had been 
deprived of boron for three weeks, pk. disintegrated phloem, d.par, disintegrated parenchyma. 
p s.t. plugged sieve-tube. b,c.c. binucleate cortical cel!, v. vessels, k.c.c. hypertrophied 
cortical cefls. <mb, iriegolar and hypertrophied cells of the cambium, x 450. 

youngest leaves, while the older ones near the centre of the beet belong to 
the outer leaves. Since the leaf-bearing part of the axis is not elongated, 
the leaf-traces occurring on the same or approximately the same ortho- 
stichies must cross each other at some point which lies in a zone surround- 
ing the apex, a short distance below the top of the beet (Fig. 10). The 
vascular anatomy in this zone is very confused. An additional complication 
is aflforded by the fact that frequently, when the leaves are older, and have 
become pushed out to the periphery of the crown of the beet, a branch 
grows out from the original leaf-trace and forms an arc of vascular tissue 
outside the youngest trace on the same orthostichies (Fig. i). Probably 
this accounts for certain irregularities in the vascular rings farther down 
from the apex. 

In spite of these factors, however, the physiological individuality of 
the leaf-trace throughout the swollen organ is maintained, and this is 
reflected in the distribution of disintegrated tissue in the boron-starved 
plant. The youngest leaves first become blackened (Fig. ii), and hence 
the outermost ring of vascular tissue belonging to them first shows signs of 
disintegration. Although the traces pass very close to one another, they 

3C 
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Fig. 9. Fig. 10. 

Fig. 9. A sievc-ttibe from a diseased plant, in longitudinal section, showing a mass of deeply 
staining substance filling the hole lumen. $. a, pits of sieve-areas on the sieve-w alls, x 990. 

Fig. 10. Diagram to show the general course of the leaf-traces in the sugar-beet. Neither 
the primary vascular strand of the seedling nor the acce'-sory stiands blanching off from the older 
leaf-traces are shown, Oldest leaf. a'. Oldest trace, if. Youngest leaf. Youngest ti ace. 




Fig, II. Diagram of transverse section from just above the shoot apex, showing disintegration 
in the youngest leaves and the centrifugal spread of the disease in a plant that had been deprived of 
boron for three weeks. The diseased tissue is dotted. Vascular bundles are indicated in outline 
with line shading, af. A disensed tissue. 0.6. vascular bundle, x 16. 
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do not * contaminate * each other. This explains why ' heart-rot ’ is at first 
peripheral in the root-stock, and appears in the core only in the later stages 
(cf. Fig. 7). 

The growth of axillary buds which follows after restoring boron to the 
nutrient solution is accompanied by the development of new cambia in the 
ground tissue of the hypocotyl and root. This is seen in set D (Fig. 2), 
There is no renewal of activity in or near those vascular zones which began 
to degenerate at the onset of degeneration in the leaves to which they 
belonged (Fig. 4). Again, the individuality of each leaf-trace of the axis 
is clear, for it is evident that the growth of the leaf-trace is dependent on 
the well-being of its own particular leaf, and no matter how much fresh 
growth is activated in the formation of new cambial zones, the single fact 
of the death of the leaf renders impossible any further development of its 
axial component. It is also brought to light that, in the axis, the reper- 
cussions of leaf activity include not only control of the growth of the axis, 
but also immediate transmission of pathological conditions, since the leaf- 
trace does not merely cease activity in the absence of boron, but is quickly 
converted into an isolated strand of diseased tissue. The undoubted con- 
nexion between the zones of secondary tissue and the leaves, together with 
the evidence here provided of the inability of the former to develop if the 
growth of the latter is checked, suggests that the axial part of the plant 
might be regarded as a number of fasciated leaf-traces. This can be 
demonstrated only in plants such as Beta where individual strips of cambium 
are associated with each leaf, and is impossible in most dicotyledons where 
there is only one cambium which is stimulated afresh into activity with the 
development of each leaf. 


Summary. 

1. An experiment is described which confirms the results of earlier 
investigators, showing that boron is an essential element in the growth of 
sugar-beet. A concentration of i : i, coo, 000 H3BO3 in the culture solution 
is enough for active growth and normal development. 

2. It is shown that recovery in boron-starved plants involves the acti- 
vation of axillary buds at the top of the beet, each of which develops its 
own system of secondary vascular rings independently of the others. 

3. Attention is drawn to the fact that the secondary vascular zones in 
the beet are downward continuations of the vascular supply of the leaves, 
and that the influence of any factor adversely affecting the leaves is very 
quickly reflected in the corresponding vascular rings of the beet. 

4. The apical meristem of the shoot, together with the youngest 
leaves and the newly developed cambia of the beet are tissues and organs 
which are most sensitive to boron-deficiency, and these are the first to 
degenerate. Cells of the vascular rings in process of differentiating, and 
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sporadic groups of parenchyma ceils adjacent to conducting elements are 
also sensitive to the deficiency. Hypertrophy of the cambial cells, and 
also of the adjacent parenchyma cells, together with complete disintegration 
of the phloem, characterizes the later stages of heart-rot disease. It is 
suggested that plugging of the sieve-tubes is the first indication that the 
tissue is suffering from boron-deficiency. 

5. Since the root-tip does not degenerate, but merely ceases to grow 
in the absence of boron from the nutrient solution, either the requirements 
of this meristem, or the conditions obtaining in it must be different from 
those of the shoot-apex. 

In conclusion, the author wishes to thank Dr. W. E. Brenchley for her 
very helpful advice and criticism throughout the experiment. 
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I. Introduction 

In a paper (5) dealing with the nature of intracellular inclusions in plant 
virus diseases, Sheffield demonstrated that cytological abnormalities 
similar to those due to aucuba mosaic or Hy. Ill disease could be pro- 
duced in healthy vsolanaceous plants by the addition of salts of molybdic 
acid to the soil in which they were grown. She demonstrated, further, 
that in the case of Solanum nodifionm, treatment with molybdate 
resulted in an alteration of the habit of the plant, growth becoming 
trailing instead of erect. 

The present investigation was undertaken with a view to extending 
our knowledge of the effect of molybdenum salts on plant growth from 
the nutritional and physiological aspects. Results of the type looked for 
were not forthcoming, but several points arose which justify description. 
Plants, cliiefly members of the Solanaceae, were grown in pot or water 
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culture during the three summers 1934-6, molybdenum treatment being 
carried out with a wide range of concentrations, as little was known of the 
effect of the element. The sodium salt was used throughout. Obser- 
vations were made at frequent intervals during growth, and material 
from the cultures was examined microscopically and chemically. 

II. Chemical methods 

The chief reactions required in this work were tests for the presence 
of molybdenum and tannin. 

A. Molybdenum, 

The most satisfactory test for molybdenum is the production of a 
magenta pink colour on the addition of xantliate solution. The latter is 
made by adding excess carbon disulphide to a concentrated solution of 
caustic potash in absolute alcohol, followed l)y sufficient 30 per cent 
acetic acid to cause a yellow precipitate. Freshly made solution is used 
as it deteriorates rapidly. When testing plant material it was necessary 
to add a few drops of hydrochloric acid (2 or 10 per cent ecjually good) 
until the liquid turned milky, otherwise the characteristic pink colourfailed 
to appear although molybdenum was present. The need for this addition of 
hydrochloric acid was unexpected, as the test worked perfectly in ntro 
with a molybdate solution, but, as will be seen later, much of the molyb- 
denum within these plants was combined with tannin, and test-tube 
trials with such a combination also gave negative results unless hydro- 
chloric acid was added. Similarly, ashed material from plants receiving 
heavy molybdenum dressings gave a blue and not a pink colour when the 
xanthate solution was applied, failing the addition of hydrochloric acid. 

B. Tannin 

Tests for tannin were made with two reagents: (i) 10 per cent ferric 
chloride solution containing sodium acetate, and (ii) 1 per cent osraic 
acid. With the first, a green-black, and i^ith the second a black coloration 
was obtained. Both tests were usually employed. 

III. Experimental PLANTS 
A. Potato 

(a) Pot experiments. 

Three series of pot experiments were carried out with potatoes, a 
mixture of Rothamsted and ‘‘old cucumber” soil with an addition of 
approximately 10 per cent sand being used, 22 kg. in all per pot. Additional 
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manures were applied in the first series but, as the plants grew so 
luxuriantly, they were omitted in the later experiments for fear of 
masking the effect of the molybdenum treatment. The latter was given 
as soon as all plants were showing above the soil. In external appearance, 
little difference could be seen between the shoots of plants grown with 
or without molybdenum, although those receiving the heaviest dressings 
were slightly later in developing than the controls. The tubers were 
chiefly affected, treatment with over 2 g. of sodium molybdate per pot 
causing a marked change in colour, the skin turning a golden to reddish 
brown. A form of corky scabbing, especially pronounced where the 
larger dressings had been apphed, often accompanied the discoloration. 

(6) Microchemical investigations. 

The two varieties grown, Epicure and Eclipse, are normally white 
skinned, and the yellowing of the tubers was clearly correlated with the 
molybdate treatment. The discoloration was confined to the epidermal 
and subepidermal regions of the tuber, and was traced to the presence of 
bright yellow globules which occurred in large numbers in these tissues 
(Text-fig. 1 A).^ The globules were not found in any part of tubers from 
control plants. Their form was generally globular, closely resembling 
oil drops, but a variety of types occurred. A lighter rim frequently 
bounded the central and main part of the globule, which might bo finely 
granular (PI. XXX, fig. 2) or consist of a group of small globules (Text- 
fig. 1 B). Usually one such globule occurred in a cell, but several distinct 
individuals or groups of small globules together were sometimes to be 
seen, the variety in size being very considerable. Yellow masses of a 
granular type were also found which gave similar chemical reactions to 
those of the globular form (Text-fig. 1 0 ). A number of chemical tests 
were carried out chiefly on fresh tubers, but confirmatory results were 
obtained with fixed and imbedded material. 

Reactions for fatty or protein compounds were negative. Acids 
caused decolorization, that induced by hydrochloric acid being more 
rapid than that with either acetic or oxalic acids. Alkalies such as caustic 
potash and ammonia also decolorized the globules. On the addition of 
xanthate solution, the yellow bodies immediately turned a bright 
magenta pink colour, showing the presence of molybdenum. Further, 
the globules turned olive green with ferric chloride solution and black 
with osmic acid, indicating the presence of tannin. A yellow or reddish 
yellow compound of molybdenum and tannin, which decolorizes with 

‘ All text-figures were drawn with camera lucida. 
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oxalic acid, is known to occur (2), and since, as will be seen later, the 
yellow globules were situated in those tissues of the potato tuber which 
normally contain abundant tannin (i, 3), it seemed probable that the 
bodies were composed of this tannin-molybdenum compound. 

The various parts of the plants were examined at intervals during 
growth to determine the stage at which the yellow globules were pro- 
duced, the molybdenum dressing necessary for their formation, and 



Text-fig. 1. A, epidermal strijiping Hhowiiig yellow globules ((/} from tuber of [lotato grown 
with sodium molybdate. ( x (i(j.) B, globule with smullei globules at centre. ( x 500.) 
C, granular form of yellow body. ( x 500.) 


their distribution in the plant tissue. Thirteen day.s after an application 
of a 5 g. dressing of sodium molybdate had bcMui given per pot of 22 kg. 
soil, globules were evident in the underground l)ut not in the aerial 
parts of the stem, although small isolated granules of a molybdenum 
nature were occasionally to be found in all parts of the shoot. No yellow 
bodies or molybdenum granules were seen in the control plants, nor at 
this stage in those receiving the smaller dressing of sodium molybdate 
(2*5 g. per pot). Twenty-three days later, the molybdate dressings were 
repeated, the controls still receiving none. By the time tubers had begun 
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to form, yellow globules were abundant in the epidermal layers of the 
underground parts of the stem of all treated plants. None, however, 
were to be seen in the aerial parts nor in the control plants. The globules 
were confined to the epidermal layers and were particularly plentiful 
where buds were emerging. As soon as the haulms had died down the 
tubers were lifted and stored in a cupboard in the laboratory until they 
sprouted. Yellow globules were still as plentiful as when the crop was 
first lifted, but there was no change in their distribution, nor had they 
formed in the control plants. Globules were specially plentiful at those 
points in the epidermis where new growth was taking place (PL XXX, 
figs. 1 and 2). In the emerging bud they occurred in large numbers, being 
most prevalent in the central tissue between the vascular strands and in 
the strands themselves, a few only being found in the epidermal layers. 
They were restricted to the lower region of the new shoots, i.c. at or just 
above the point of emergence from the tuber, and although molybdenum 
was dctectaldc in the vascular tissue of the upper parts and also in the 
condiKjting tissue of the old tuber, it was in the form of solution and not 
as definite globules. 

In view of the probable tannin-molybdenum constitution of the 
yellow bodies, the normal distribution of tannin in the tubers of control 
plants at the sprouting stage was determined. Abundant tannin was 
detected in the undifferentiated meristematic tissue and at the apices of 
young protecting leaves, these tissues turning a brownish black or black 
colour with osniic acid, and a deep green-black colour with ferric chloride. 
Occasionally with ferric chloride and invariably with osrnic acid, dark 
globules appeared in the central and vascular regions, and to a less 
extent in the epidermis of the lower parts of the bud, i.e. in precisely 
the same tissues as where the yellow globules had been found in the 
molybdenum-treated plants (Text-fig. 2). The size and appearance of the 
two types of body were also similar, both showing a dark central region 
surrounded by a lighter layer. These results were obtained before the 
writer^s attention had been drawn to Hartmann’s work(Ji), and confirm 
his findings, both as regards the form and distribution of the tannin in 
the tuber. It is interesting that he records both a granular and globular 
form of tannin, as the fact that two distinct types of yellow body were 
to be found, which reacted similarly to xanthate and ferric chloride, 
had offered some difficulty. Since the distribution of tannin in the normal 
tuber was identical with that of the yellow globules in plants treated with 
molybdate, it seemed justifiable to conclude that the molybdenum taken 
in by the plant had combined with the tannin already present and that 
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the yellow globules were the result of a direct union of the molybdenum 
and tannin in situ. In the old parent tubers molybdenum had been 
noted in the vascular tissue, and as this would be conducting food 
materials to the actively growing buds where the tannin is concentrated, 
a combination of the two substances might occur. Apparent proof of 
this was obtained by producing artificially similar yellow globules in 
plants which had not been treated with molybdenum during growth. 
Fresh seed potatoes of the same varieties as had been used in the experi- 



Text-fig. 2. Section through conducting tissue just below developing bud in tuber of 
control showing potato tannin globules (1) after treatment with osmio acid. *=starch 
grMns. ( X 376.) 

mental pots were sprouted and longitudinal sections cut through 
emerging buds. After examination to ensure that no yellow globules 
were present, a solution of sodium or ammonium molybdate was run in 
on to the slide. Small dark round bodies, some of which turned bright 
yellow, appeared in the central tissue of the young bud and in the 
epidermis. Although they did not occur so plentifully their appearance 
and distribution seemed identical with the tannin bodies in the control 
tubers and with the yellow globules in the tubers of molybdenum- 
treated plants. In very young buds globules did not appear, but the 
meristematic tissue at the apex turned a golden yellow colour which 
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disappeared on the addition of oxalic acid. Treatment with an alkali, such 
as caustic potash, in place of the molybdate solution resulted in a greenish 
yellow colouring of the buds, so that the reaction with the sodium 
molybdate was not merely due to its alkalinity. Tubers freshly dug from 
the field in autumn showed none of these yellow globules whether they 
were from clean or virus-affected plants, nor was there any sign of such 
bodies in unsprouted seed potatoes purchased in the spring. 

On sprouting, the potatoes developed a certain amount of antho- 
cyanin pigment, and tubers from plants treated with molybdenum 
occasionally showed the presence of large blue granules in the subepi- 
dermis, i.e. the tissue where the pigment was most plentiful. The nature 
of these blue granules will be discussed under the section dealing with the 
tomato, where such bodies were frequent. 

The potato tuber was the simplest material for chemical tests and 
yielded some of the most clearly defined results owing to the com- 
parative scarcity of complicating pigments such as chlorophyll or antho- 
cyanin. As the tubers could be stored without deterioration, reference 
could be made to the same batch of material over a wide range of time, 
thus affording a useful means of checking chemical tests on other types 
of plant material. 


B. Tomato 

(a) Pot- and water-culture experiments. 

Since little was known concerning the effect of different quantities 
of molybdenum on the tomato plant, the preliminary experiments were 
carried out with a fairly wide range of concentrations. In the pot- 
culture work, dressings of 4, 2, and 1 g. respectively of sodium molybdate, 
were applied in solution per pot of 18- 18 kg. soil, 12 da vs after the young 
plants, one per pot, had been set up. Except for the three controls each 
treatment had six replicates. No basal manures were added as the soil 
was “old cucumber’’ known to be rich in nitrogen and other nutrients. 
Individual variation was considerable, but the 4 g. dressing was always 
toxic, and several of the plants soon died, their leaves turning a purplish 
grey colour with a tendency to curl over as if flaccid. The plants that 
survived showed somewhat different symptoms, the whole of the shoot 
becoming a golden yellow. The effect was most marked at the apex, 
where the youngest leaves turned a bronze shade, the lamina being so 
reduced that it consisted almost entirely of midrib. The weak, straggly 
habit and the drooping of the leaves persisted throughout the life of the 
plant (PI. XXX, fig. 3), the older leaves developing a mottled appearance 
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remarkably like that induced by a virus disease. As Sheffield (5) had 
shown that inclusion bodies were formed in plants treated with molyb- 
denum similar to those affected with virus disease, tests were made to 
see if the mottle-leaved molybdenum-treated plants were capable of 
transmitting virus. Dr Sheffield kindly carried out inoculations with the 
juice of the leaves of the most severely poisoned tomatoes in these pots. 
Six healthy (i.e. virus-free) tomato and ten leaves of two Nicotiam 
glutinosa plants were inoculated, but no symptoms of virus or any other 
affection developed. It seemed unlikely, therefore, that the mosaic-like 
appearance of the leaves of the molybdenum-treated plants was due to 
any transferable agent. The 2 g. dressing induced similar but less pro- 



Text-fig. 3. A, epidermal stripping from back of loaf of tomato grown w ith Hodium molyb- 
date showing yellow globules {g). ( x 75.) B, similar stripping showing mon* granular 
appearance of globule {g) when stained pink after tr(*atmcnt with ximthate solution, 
(x75.) 


nounced symptoms, while plants receiving only 1 g. per pot wore practi- 
cally indistinguishable from the controls, all of which gn^w into large 
healthy plants. Fruit formation and maturation occurred tliroughout, 
even on quite badly poisoned plants, though in these it was somewhat 
retarded. 

In the water-culture experiments a series of concentrations was tried 
ranging from 1 : 12,500 to 1 : 250,000 of the element Mo in the nutrient 
solution. The strongest dose induced symptoms very similar to those 
described for the pot cultures, the bright yellow or bronzed colour of the 
leaf, its reduction in size and the general flatjcid and straggling appear- 
ance of the plants being the chief features. A reduction in root develop- 
ment and a discoloration of a yellowish brown nature invariably accom- 
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panied an injured shoot. As in the pots, fruiting took place in all plants, 
though it was somewhat retarded and reduced in the sets receiving high 
concentrations of molybdenum. 

(b) Microchemical investigations. 

Numerous bright yellow globules were found in the epidermal layers, 
chiefly on the lower surface, of the bronzed leaves of inolybden\im- 
treated plants (Text-fig. 3 A). They reacted similarly to the chemical 
tests as the globules in the skin of the })otato tuber, so that it seemed 
highly probable that the two sets of yellow bodies were identical in 
composition, viz. of a tannin-molybdenum nature (Text-fig. 3 R). None 
of these yellow globules were to be seen in the leaves of young toimito 



b 

Text -fig. 4. 



To\t-fig. 4. Epidormal strif)pinK from liypocfityl of tomato grown with sodium molyhdate 
showing bluo grannlos {b). ( - To.) 

Text-fig. T). Individual eells of epidenn.al stripping from hyfioeotyl of tomato grown with 
sodium molybdate showing granular (/>) and globular {bb) form of the blue body. 
( A ,170.) 


seedlings, or of more mature plants not showing severe symptoms of 
molybdenum poisoning. Their shoots, liowever, contained numerous 
blue accumulations (Text-figs. 4 and b) which were most plentiful in 
plants grown with the larger (luantities of the element, and were proved 
not to be connected with any alkaline condition of the sap due to the 
molybdate treatment. Very rarely blue granules occurred in control 
plants, but it is considered that some trace of Mo as impurity must have 
been responsible for this. Most of the blue bodies were roughly spherical 
in shape, of a loose granular appearance and not generally bounded by 
a clearly defined outline like the yellow globules (Text-fig. 5). There was 
usually one per cell, and though the colour was generally blue, some 
variation in this respect occurred. When the granules occurred in cells 
containing anthocyanin pigment, they were usually purple, but in other 
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cases they were blue, greenish yellow or yellow, though there was never 
any approach to the golden yellow colour of the other type of globule. 
In the leaves the blue granules were most plentiful near the apices, at the 
margins and in the veins, their distribution thus differing from that of 
the yellow globules which were practically confined to the epidermal 
layers. Further, they appeared at an earlier stage in the life of the plant 
than the yellow bodies, being noticeable even in the cotyledons. In the 
petiole the blue granules occurred chiefly in the subepidermal layers 
(Text-fig. G), while the yellow were to be found in the cortex. Very 
occasionally tlie two types of body occurred in the same cell. 



Text-fig. 6. Tranavcrse section of petiole of tomato grown with sodium molybdate, showing 
blue granules (6) in subepidormis. e=epidermis, /i -hair. ( x 1175.) 

Tests were made to determine the chemical nature of these blue 
granular masses. Hydrochloric or acetic acid caused them to disappear 
with the formation of a pink solution, whereas with alkalies, such as 
caustic potash or ammonia, they collapsed and faded, sometimes with a 
momentary formation of a blue solution. Alcohol also caused decolori- 
zation, but the action took place more slowly than with alkalies. No 
indication of the presence of tannin was obtained on the addition of 
ferric chloride, though a pink colour developed gradually, doubtless due 
to the acid nature of the ferric chloride. Results from the xanthate test 
for molybdenum were negative, with occasional suggestion of a positive 
reaction which was too indefinite to credit. This negative result was 
difficult to accept owing to the association between the formation of blue 
bodies and the application of sodium molybdate to the plants in which 
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they were found. Two explanations suggested themselves, viz. either the 
molybdenum, if present in the granules, was too closely combined to be 
able to react to the xanthate test, or the presence of molybdenum in- 
duced their formation in an indirect manner. Unsuccessful attempts 
were made with acid and alkali to break up the bodies before applying 
the xanthate test. The tomato leaf is rich in anthocyanin pigment which 
is naturally purple, but turns pink under acid, and blue, green or yellow 
under alkaline conditions. Since the xanthate test (which, when positive 
for molybdenum, induced the formation of a bright magenta-pink 
colour) worked satisfactorily only under acid conditions, which on their 
own account turned the pigment pink, erroneous conclusions were easily 
drawn. Caution in interpreting results was therefore required unless the 




Toxt-fig. 7. A, epidermal stripping from back of leaf of tomato control plant, c - epidermis, 
/i-hair, p- purple pigment, (x 75.) B, same tissue after treatment with sodium 
molybdate. 5 -blue precipitate, c= epidermis, A -hair, purple pigment, (x 75.) 


two shades of pink were available for simultaneous comparison. The 
addition of xanthate solution to yellow globules in the presence of acid 
always resulted in a retention of their structure even with the change of 
colour, whereas in the case of the blue bodies collapse occurred. 

An attempt was made to approach the problem from the synthetic 
side. Sections from leaves of control plants, containing abundant antho- 
cyanin pigment but no blue bodies, were treated with sodium molybdate 
solution, similar sections being treated with alkali for comparison. In 
the latter case the usual colour change to blue, green or yellow occurred, 
the coloured sap collecting into large circular masses as plasmolysis set 
in. With the molybdate solution, on the other hand, although several 
cells behaved as if an alkali had been added, in others a marked blue 
granular precipitate developed (Text-figs. 7 A and B). This was repeated 
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a number of times, so that it was tempting to deduce that the granular 
blue bodies found in the molybdenum-treated plants arose as a result of 
a precipitation between the molybdenum salt and the anthocyanin 
pigment in the sap. The circular form of the naturally occurring accumu- 
lation would readily be produced by the normal protoplasmic movement 
within the cell. Further confirmation of this point will be found on p. 488. 
The earlier failure to get a positive result wiili the xanthate reaction was 
probably due to the fact that the molybdenum was in combination with 
a substance that turned a very similar colour witli the reagent so that the 
molybdenum reaction was masked. 

C. Solanum nodijlorum 
(a) Pot- and water-culture experwients. 

Solanum nodijlorum grew well in soil culture in pots, but was at first 
difficult to establish in water culture, as its reciuirements regarding 
nutritive solution were unknown. It was clear from the start that this 
species was peculiarly sensitive to the influence of molybdenum. Two 
series of pot culture were carried out. In the first, single plants were set 
up in pots containing 2*6 kg. of a mixture of “old cucumber” soil and 
10 per cent sand, sodium molybdate being added at the rate of 0-5 -1 *5 g. 
per pot, there being six replicates for each treatment and three control 
pots. All dressings of 1 g. or more rapidly proved toxic or fatal, the 
leaves of the plants turning yellow or flaccid. Tlie 0-5 g. dressing, on the 
other hand, had little or no effect. In the second series, largc^r pots were 
employed, each being filled with 8*6 kg. of a mixture of heavy Kotham- 
sted and “old cucumber” soil. Dressings of sodium molybdate ranging 
from 0-25 to 1*0 g. were applied 8 days after the plants, one per pot, had 
been set up. Each treatment had four replicates, and there were four 
controls. After the lapse of 40 more days, those which had received the 
0*76 or 1-0 g. dressing were given a further 0*25 and ()-5 g. sodium 
molybdate respectively. As in the first experiment 1 g. of sodium 
molybdate per pot definitely checked grow^th at the start, but in this 
case serious or fatal effects from the dressing did not occur. Some 
yellowing was observed in the leaf, but, on the whole, almost complete 
recovery from the initial check took place. The difference in degree of 
toxicity of the same dressing of molybdate in these two experiments is no 
doubt due to the alterations made in type and quantity of the soil used, 
and serves to emphasize the danger of specifying any particular dressing 
as toxic or lethal without sufficient qualification regarding the other 
experimental conditions. 
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In the water-culture work a wide range of concentrations of molyb- 
denum was tried. 1 : 25,000 Mo was toxic, in some cases proving fatal, 
but there was some indication that the degree of injury was correlated 
with the age of the seedling, the younger ones being the more susceptible. 
Some toxicity was also evident with concentrations of 1 : 100,000 Mo, 
but here, as in the pot culture, the degree of injury produced varied 
considerably with the other experimental conditions. The principal 
symptom was a marked yellowing of the shoot accompanied by a flaccid 
appearance of the leaves, and a general reduction in the size of the plant. 

In none of these experiments did the molyl)denum-treated plants 
develop a trailing habit as described by Sheffield ( 5 ), and recently con- 
firmed by her. Sheffield’s plants were grown in a heated glasshouse with 
high humidity, and were of a soft, succulent and rapid-growing type, 
whereas those now under discussion were grown in a different soil and in 
an imhcated glasshouse with a very dry atmosphere and were slow 
growing, stiff and woody. Thus the conditions under which the two sets 
of investigations were carried out were entirely different, and this nuiy 
account for the discrepancy between the results. Comparative in- 
vestigations are in progress which may elucidate the matter. 

(6) Microdiemical investigations. 

Internal changes occurred in almost normal-looking plants. Yellow 
globules, similar to those found in potato and tomato tissues, but not 
nearly as plentiful, occurred in the leaver-; of Solaninn nodiflonnriy and 
they could be produced artificially in sections of the leaf tips of either 
control or molybdenum-treated plants by the addition of sodium 
molybdate solution. Blue granular accumulations, similar to those in the 
tomato, occurred in large numbers in the cells containing arithoc-yanin 
pigment of plants treated with molybdate, and very occasionally also in 
control plants. The pigment occurred chiefly in the subepidermal layers, 
i.e. in the palisade of the leaf and the outermost layer of the cortex in the 
stem. In the peduncles bearing ripe berries the pigment was much more 
plentiful, being found throughout the cortex and pith as well. In the 
controls the pigment was invariably purple, but in plants treated with 
sodium molybdate it was often blue, both forms of pigment turning pink 
on the addition of acid. When treated with xanthate no positive evidence 
was obtained that the granules contained molybdenum, although the 
characteristic pink colour developed immediately in the conducting 
tissue and in certain isolated cell contents such as those in the leaf 
hairs. The formation of a blue granular precipitate was induced in the 
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pigmented portion of leaves from control plants by the addition of sodium 
molybdate solution (Text-fig, 8), just as in the tomato, and it was possible 
to test the matter even further in the case of S. nodifiorum owing to the 
more plentiful development of pigment of this species. An extract of 
cell sap rich in anthocyanin was made by crushing berries of S, nodi- 
jlorum in a glass mortar in the cold with a little distilled water and 
filtering. With hydrochloric acid the extract turned bright pink, and 
with caustic potash a succession of colours were obtained in the order 
blue, green and yellow. The addition of sodium molybdate solution 
brought about a precipitation of a purplish blue colour, the formation of 



bp 


Text’fig. 8. Epidermal stripping from back of leaf of Solanum nodifiorum control plant 
after treatment with sodium molybdate, pp- purple pigment, ftp -blue pigment, 
6 = blue precipitate. (All cells contained purple pigment teforo trt*atraent.) ( v 375.) 


which took place more readily if some sodium chloride were added before 
the molybdate. These reactions in vitro were similar to those in the fresh 
leaf tissue of both this plant and the tomato, and it seems probable that 
the origin of the blue granules depended on a precipitation of the antho- 
cyanin pigment by the molybdenum salt. 

The artificially produced precipitate when mounted on a slide dis- 
solved in excess water, disappeared with formation of a pink solution on 
the addition of hydrochloric acid, and dissolved rapidly with temporary 
formation of a blue solution on the addition of caustic potash. Similar 
reactions were obtained with the artificially produced granules within 
the cell itself, so that their nature seemed to be identical. Some 
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explanation for the range of colour among the naturally occurring granules 
is provided by these tests in vitro. Purple granules are found in the 
presence of excess purple pigment where precipitation is presumably 
incomplete, a true blue colour being obtained under more definitely 
alkaline conditions as would set in after longer treatment with sodium 
molybdate. The green and yellow variants might be regarded as the 
result of prolonged alkaline reaction, just as the normal purple pigment 
turned first blue but ultimately green or yellow on the addition of 
caustic potash or ammonia. Confirmation of this was provided by the 
addition of further sodium molybdate to tissues from molybdenum- 
treated plants, a procedure which caused the purple granules already 
present to turn a greenish blue colour. A phenomenon was observed 
during these microchemical investigations, which emphasizes the need 
for caution in technique. Strippings taken from the skin of ripe 
S. nodi flor urn berries where the pigment is normally a rich purple contained 
some cells which were blue. Their general appearance was not cha- 
racteristic of molybdenum-treated tissue, there were no definite granular 
accumulations, and they generally occurred at the edge of the sections 
only. The change in colour was not brought about by exposure to air, 
nor by the water used as mountant, but was eventually traced to the 
use of metal forceps and scalpel If these implements were allowed to 
dip into a drop of juice expressed from a ripe berry on to a glass slide, 
the juice rapidly turned blue, whereas a similar drop left untouched 
remained purple indefinitely. The constituent of the metal responsible 
for this change was not determined, but it was apparently not man- 
ganese or chromium. Molybdic acid turned the juice royal blue, but the 
characteristic prussian blue colour of the granules was only obtained 
after the addition of alkali. 


D. Barley 

(a) Pot- and water-culture experiments. 

Two years’ experiments were carried out with barley in pot and water 
culture. This crop showed much less response to molybdenum than the 
solanaceous species, but certain effects were obtained that were clearly 
correlated with the treatment. In pot culture, dressings of sodium 
molybdate were applied in a succession of waterings as soon as the plants 
had become well established (approximately 1 month from sowing), the 
total amounts supplied ranging from 0*5 to 8 g. per pot of 10 kg. Rotham- 
sted soil Little or no difference in rate of growth, time of maturing and 
final dry weight was shown between the various treatments, but all the 
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plants receiving 4 g. or more of sodium molybdate evinced a marked 
tendency to fall over from the base when full grown; in fact all these 
plants required staking towards the end of the experiment, a most 
unusual procedure for barley. Apart from this feature no toxic or 
beneficial effects of molybdenum were noticeable. In water culture 
symptoms of poisoning were obtained in both shoot and root of plants 
receiving 1 : 100,000 Mo or more (PI. XXX, fig. 4), though the effect was 
more pronounced in the 1934 than in the 1936 season. Toxic effects were 
shown by a tight rolling up of the shoot in the early stages and a stunting 
of both the shoot and root system. With severe injury the shoots turned 
a greyish green colour in the young stages, and a bright golden yellow 
as the leaves matured in place of the usual dull straw colour. 

(6) Microchemical investigations. 

The anthocyanin pigment that normally occurs in the leaf sheath of 
barley is purple, but in the plants grown in water culture containing a 
high concentration of sodium molybdate (e.g. 1 : 10,000 Mo) the pigment 
was blue. The difference in colour was so definite that the molybdenum- 
treated plants could readily be detected by their ext(?rnal appearance. 
A blue granular precipitate was frequently present in the cells of such 
sheaths which possibly represented an early stage in the formation of the 
blue spherical granules that were so plentiful in S. nodiflorim and 
tomato. Yellow globules that superficially resembled those oc(;urring in 
the potato and tomato were seen in the leaves, but, as they failed to 
react positively to the xaiithate test, they were of a different nature. 
The conducting tissue of the leaves of molybdenum-treated plants 
invariably showed the presence of molybdenum, so that the failure of 
the globules to give the characteristic pink colour was convincing. 

E. Variotis phfUs 

The broad bean (Vida faba) was the only other plant with which 
definite experiments were carried out. This species was much less 
sensitive to molybdenum than were the solanaccous plants, and, although 
definite reduction in size and discoloration of the roots took place with 
doses of 1 : 50,000 Mo or more, no characteristic toxic symptoms 
appeared. Molybdenum was detected in quantity in the conducting 
tissue of the leaves of the treated plants, but no blue granules or yellow 
globules were found. 

The various weeds which appeared in the pots were allowed to con- 
tinue growth, and although parallel plants in treated and untreated soils 
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were unfortunately not available, a few observations were made upon 
them. In the leaves of Sonchus arvensis, Capsella bursa pastoris, Rumex 
sp. and Polygonum aviculare, grown with a molybdenum dressing, yellow 
or blue bodies were absent. In Ranunmlus sp., numerous blue granules 
were present near the leaf apices and in the veins, just as in the tomato. 
Although only a single specimen was available, it seems significant that 
Ranunculus was the only species which, at the time of investigation, 
showed the presence of anthocyanin pigment in its leaves, thus sup- 
porting the idea that the blue granules arose as a precipitation of the 
pigment by the molybdenum. 

IV. Discussion 

Although knowledge concerning the importance of minor elements in 
plant life is rapidly increasing, it is still far from complete, and in the 
case of a number of elements (juite rudimentary. Botanical interest in 
molybdenum has only recently been aroused. Apart from the fact that 
it occurs in plant material (<>), w'here its distribution may be of interest (t) 
and that it is toxic when presented in too large quantities, little was 
known about its effect on higher plants until Sheffield (-')) demonstrated 
that it induced the formation of intracellular bodies identical in appear- 
ance with the inclusion bodies that accompany virus disease. 

In the present investigation, attention has been confined to deter- 
mining some of the effects of molybdenum treatment on the plant, both 
internally and externally, in the hope of making some contribution to the 
wider issue, i,(*. the function, if any, of the element in the metabolic 
processes. From the chemical point of view, molybdenum has the 
property of combining with an unusually large number of substances, 
and it is hardly surprising that compounds of molybdenum occurred in 
the tissues of plants treated with this element. Two such compounds, the 
one with tannin, the other with anthocyanin, resulted in the formation 
of definite bodies wdthiii the plant cell. Their numbers were so large that 
their presence generally altered the external appearance of those parts 
of the plant in w^hich they occurred. The shoots of tomato and the tubers 
of potato, for example, turned a golden and reddish yellow colour 
respectively when the yellow globules of tannin and molybdenum were 
present in any quantity, while the leaves of Solatium nodijlorutn and 
the leaf sheaths of barley took on a blue rather than purple appearance 
when the molybdenum had reacted with the anthocyanin pigment. 

The formation of these compounds does not appear to be the cause 
of the injury which results from the stronger doses of molybdenum, as 
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toxic effects occur in plants such as the broad bean where no such 
compounds are found; conversely, the blue granules may be present to 
quite a considerable extent in apparently healthy tomato plants. It is, 
moreover, hardly to be expected that the precipitation of part of the 
anthocyanin pigment should seriously affect growth. Similarly, the 
formation of inclusion bodies is not the cause, but a symptom, of the 
diseased condition of a plant attacked by virus. Molybdenum, therefore, 
although not yet in the ranks of those elements known to bo essential 
for growth, evidently plays a part in the cytological as well as morpho- 
logical behaviour of the plant, but its precise function remains to be 
determined. 


V. SUMMABY 

1. In view of the similarity between certain cytological changes 
induced by virus disease and treatment with molybdenum, pot- and 
water-culture experiments were carried out to determine further the 
effect of this clement on plant growth. Sodium molybdate was used 
throughout. 

2. Toxic symptoms were produced with the larger dressings of 
molybdate, injury being shown at much lower concentrations in solana- 
ceous species than in barley. 

3. The shoots of tomato and Sohmm nodijlorum turned a golden 
yellow, and potato tubers a reddish yellow colour when the plants were 
grown with the larger quantities of molybdate. 

4. These colour changes were shown to be due to the presence of 
yellow globules of a tannin-molybdenum compound which had formed 
within the tissues. 

5. Blue granular accumulations occurred in large numbers in 
molybdenum-treated plants. Their distribution was confined to tissues 
that contained anthocyanin pigment, and their composition was appa- 
rently of an anthocyanin-molybdenum nature. 

Acknowledgements arc due to Dr F. M. L. Sheffield for taking the 
photomicrographs and for her interest in the progress of the work, and 
to Mr V. Stansfield for the remaining photographs. 
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EXPLANATION OF PLATE XXX 

Fig. 1. PhotomiiTograph of soetion through conducting tissiu' just below developing bud 
in ttdicr of potato grown with sodium molybdate, g - yellow globule, n - starch grains. 
( X 424.) 

Fig. 2. Photomicrograph of single yellow globule showing granular centre surrounded by 
light rim. ( x 844.) 

Fig. 3. Tomatoes grown in pot culture. L-R: control, dressings of 1, 2, and 4 g. sodium 
molybdate pi^r pot. 

Fig. 4. Barley grown in water culture. L-U: control, 1 : 1,0(K),00(); 1 : 250,900; 1 : 5(),0<.)0; 
1 ; 25,00(1; 1 ; 10, (KK); 1 : 2,(X30 Mo. 


(H<r.e wed 5 February 1937) 
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THE INFLUENCE OP BORON ON THE SECOND 
YEAR’S GROWTH OF SUGAR BEET AFFECTED 
WITH HEART-ROT 

By WINIFRED E. BRENCHLEY, D.SC. 

AND 

D. J. WATSON, M.A., Ph.D. 

Rothamsted Experimental Station, Harpenden, Herts 

(With Plates XXXI and XXXII) 

An attack by a disease, of which the symptoms were characteristic of 
“heart-rot”, shown by death of the apical bud, occurred in a field of 
sugar beet on the Rothamsted farm in 1935, the attack being very 
localized in its occurrence. It was particularly severe in an area of about 
1 acre on the south side of the field, and in the remaining area of about 
3 acres of beet affected plants were only occasionally found. The severely 
affected area formed part of a field experiment in which the effect of 
sowing date, spacing of the rows and of sulphate of ammonia were being 
studied (for full details see Rotharnstsd Annual Report, 1935, p. 182). 

Estimates of the intensity of attack on the different plots of this 
experiment were made on 20 November. One row of plants was selected 
at random from each plot, and the total number of plants (ranging from 
117 to 160) and the number of affected plants were counted. An attempt 
was made to distinguish between severely and slightly affected plants. 
The slightly affected plants had a dead and blackened apical bud, but 
many leaves of the main axis were still healthy. In the severely affected 
plants there were very few leaves of the main axis remaining, and the 
top of the plant had a dense bushy growth of leaves developed from 
axillary buds. The classification into slightly and severely affected plants 
was somewhat arbitrary, for, actually, there was an almost continuous 
gradation of severity of attack. 

Table I shows the number of affected plants expressed as percentage 
of the total number of plants. Only the main treatment effects are shown, 
as there was no evidence of any interactions between treatments. 
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Table I 

Number of plants affected by heart-rot as percentage of total 


Date of sowing 

15 March 
19-5 

18 April 
13-7 

16 May 
4-2 

Spacing of rows 

10 in. 

10*2 

15 in. 

12-7 

20 in. 
14-4 

Sulphate of ammonia 

0 cwt. 

0-3 cwt. 

0-6 cwt. 

N per acre 

14-5 

S.B.d:2-30. 

121 

10-7 


The number of afEccted plants per cent on diflercnt plots ranged from 
0 to 35, with a mean of 12*5. The differences between sowing dates were 
significant, the severity of attack decreasing steadily with later sowing. 
The effects of spacing of the rows and of sulphate of ammonia were not 
significant; but the results show a tendency for the number of affected 
plants to increase with wider spacing, and to decrease with increase in 
the amount of sulphate of ammonia applied. 

Table II gives the ratio of the number of plants showing severe 
symptoms to the number showing slight symptoms. 


Ratio. Number of plants 

Table II 

severely affeeXed: Humber 

’ slightly affected 

Date of sowing 

15 March 

18 April 

16 Mav 


1'24 

0*79 

0*53 " 

Spacing of rows 

loin. 

15 in. 

20 in. 

0-76 

0-84 

0-96 

Sulphate of ammoniu 

0 cwt. 

0-3 cwt. 

0*0 cwt. 

N per acre 

0-81 

105 

0-69 

The effects of treatment 

on this ratio 

were closely paralhd to those 


on the number of affected plants. The two measiircjs of severity of attack 
confirm each other; where the number of affected plants was liigh, a 
higher proportion of affected plants showed severe svniptoms. It is 
probable that badly affected plants were those in which the disease 
appeared at an early date, for the severe type in which all or nearly all 
the leaves of the main axis have disappeared is merely a later stage in 
development from the slight type, the leaves produced from the apical 
bud before its death having died in the normal process of senescence. 
This is in harmony with the observed fact that the earliest sowing, which 
had the longest growth period, had also the highest proportion of 
severely affected plants. 

Sections cut across the top part of the crown or through affected 
stems showed signs of disintegration in the parenchyma and in the 
neighbourhood of the vascular bundles, recalling the symptoms of boron 
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deficiency in Vida faba. With a view to obtaining definite information 
as to whether this attack of disease in sugar beet was heart-rot caused 
by boron deficiency, a selection of typical plants was lifted and trans- 
planted into sand cultures in pots with various treatments. 

Plants showing no symptoms and others badly or slightly affected 
were taken from plots with 15 in. spacing, sown in mid-April, some 
receiving no nitrogen and others receiving single and double dressings of 
sulphate of ammonia (0-3 and 0-6 cwt. of nitrogen per acre). The plants 
were placed singly in pots holding about 25 lb. of sand and either left 
without boron or given 0-25 or 0*5 g. boric acid. The scheme therefore 
embraced all combinations of 

No symptoms No nitrogen No boron 

Slightly affected Single dressing ammonium sulphate 0-26 g. boric acid per pot 

Badly affected Double dressing ammonium sulphate 0*5 g. boric acid per pot 

As it was impracticable to wash sufficient sand with acid to ensure 
freedom from boron, a supply was very thoroughly washed with water and 
dried on glazed cotton sheets in the greenhouse. In case any borax had 
been used in glazing the sheets, each one was separately tested for boron, 
only two showing the least suspicion of the element. The sand from these 
two sheets was reserved for those cultures receiving a heavy dressing of 
boron. None of the samples of washed sand showed any trace of boron by 
the turmeric test. The sand for each pot received 3 g. alkaline potassium 
phosphate and 3*77 g. ammonium sulphate applied in solution and 
well mixed in before the pot was filled, the boric acid dressing, being 
added to the solution. The beets were carefully scrubbed to remove 
as much soil as possible and were then weighed to give a comparative 
idea of their size at planting, as very great variation occurred in this 
respect between beets from the same plot. A light watering settled the 
sand round the roots, and corks and bent glass tubes were inserted into 
the side drainage holes at the bottom of the pots to prevent loss of 
fertilizers by leaching and to give a guide as to water-level to avoid 
over-watering and consequent waterlogging. The pots were randomized, 
but owing to lack of accommodation it was only possible to duplicate 
each particular treatment. As, however, the variation in nitrogen 
dressings proved to have no effect on the incidence of disease, greater 
replication became available by grouping the nitrogen treatments 
together. 

When transplanting on 4 November care was taken to avoid bruising 
the large leaves more than necessary, in the hope that the plants would 
establish themselves more easily with the leaves intact. Actually, how- 
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ever, the leaves flagged rapidly and did not pick up again, and after some 
days they were removed. After transplanting the sugar beets were kept 
under cover in a glasshouse from which frost was excluded, and special 
attention was given to watering. The growth was so variable that each 
plant had to be dealt with individually in this respect. After the large 
outer leaves had died there was a period of no apparent growth while the 
plants were settling into their new quarters, and then a rosette of fresh 
leaves began to grow. In normal plants this was suc(;eeded by one central 
axis, which later developed into a much>branched flowering shoot. In 
plants which had shown signs of boron deficiency in the field the growing 
point in the middle of the leafy rosette was killed, thus preventing the 
growth of a central axis. Instead, a number of secondary shoots appeared 
round the outer part of the rosette, and these also developed later into 
flowering shoots. The ultimate behaviour of the shoots was closely 
related to the treatment of the pots, whereas that of the roots was more 
influenced by the extent of deficiency trouble when lifted. Typical roots 
with signs of boron deficiency show a rotted area on the outside of the 
upper part of the beet, usually associated with a hollow blackened crown 
(PI. XXXI, fig. 1). In some cases black streaks appear throughout the 
tissues in this region, occasionally extending further down (PI. XXXI, 
fig. 2). 

For the sake of clarity and convenience of reference it seems best 
to give a classified description of the response of the sugar beet to the 
various treatments. 

A. No BORON SUPPLIED WHEN TRANSPLANTED 
(1) No original symptoms of boron deficiency 

The morphological feature common to all these plants was the de- 
velopment of a single central stem which, in most cases, proceeded to the 
flowering stage, and was not killed early and supplanted by numerous 
secondary shoots. In one case the apex of the main shoot was killed and 
blackened in the early spring, after which very large axillary shoots 
developed, becoming blackened at the tips in their turn (PL XXXI, 
fig. 3). With the exception of one plant which soon became unhealthy 
and died (presumably on account of a diseased root), the rest threw up 
tall and much-branched flowering stems but, in some cases, the apices 
and buds showed typical death from boron deficiency by the early 
summer. Two plants, however, still looked healthy when harvested, in 
spite of the non-supply of boron. This suggests that neither of these 
plants had yet exhausted the boron available in its roots, and so had not 



498 Boron,on Second Year's Growth of Sugar Beet 

reached the stage of exhibiting deficiency symptoms. In this set de- 
ficiency symptoms were chiefly shown by the shoots, as the roots were 
healthy when transplanted and the typical outside blackening and 
interior decay had not made much progress by the time the experiment 
concluded. 


(2) Slight original symptoms of boron deficiency 

In all cases the central main stem had died, and a number of smaller 
shoots developed round the crown to replace it. The response of these 
shoots to boron deficiency varied according to the condition of the roots 
as growth continued. In some, the roots resembled those in the previous 
group, and were relatively clean and healthy. In these plants the effect 
of boron deficiency w^as shown by the typical death and blackening of the 
shoot apices and the flower buds (PL XXXIl, fig. 4, pot 11), most or all 
of the shoots being affected. In others the roots were very unhealthy, 
black and rotten outside at the top, the damage extending downwards 
and inwards in more severe cases. This was doubtless an extension of the 
original symptoms of heart-rot which had apparently affected the roots 
of these plants more seriously. The typical deficiency signs either did not 
appear or were not very marked in the shoots of these plants, probably 
because they were weak and late in developing from the rotten roots, and 
therefore had not reached the stage of exhibiting deficiency. 

(3) Marked original symptoms of boron deficiency 

The primary type of growth was the same as in the slightly affected 
plants, with a number of lateral shoots from the crown in place of 
the main axis which was killed by boron deficiency during the first 
season. One plant made a good start in producing a rosette of leaves, but 
died later after putting up a solitary secondary shoot. The root proved 
to be rotten throughout, even the lower part being thoroughly unhealthy. 
In another plant the shoots looked sickly, but without any blackening 
and, in all the rest, the typical signs of boron deficiency were manifested 
in the death and blackening of the stem apices and flowers (PI. XXXIl, 
fig. 6). The upper parts of all the roots were more or less rotted, the 
damage being more severe than in those which were only slightly affected 
in the field. This association of affected shoots and decaying roots doul)t- 
less indicates a further stage of deficiency. Where the original trouble 
was less marked the decayed roots did not bear affected shoots, whereas 
shoots showing deficiency were sometimes associated with comparatively 
sound roots. 
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B. Single dressing op boric acid applied when transplanted 

(1) No original symptoms of boron defiaiency 
Growth was good in all cases except for one plant which failed to 
survive transplanting. The central shoot, present in each plant, was 
occasionally supplemented with a small number of extra shoots, especially 
in those from the plots receiving a heavy dressing of nitrogen. No sign 
of boron deficiency appeared in any of the shoots and the roots were 
good and clean, without the exterior rot so characteristic of those 
receiving no boron. 

(2) Slight original symptoms of boron deficiency 
In some cases the initial injury was not severe enough to kill the 
apical meristem, and a weak central shoot emerged in addition to a few 
secondary ones. Where the central axis was killed the number of secondary 
shoots ranged up to eleven on a single root. No signs of boron deficiency 
appeared in the shoots, which flowered freely and looked healthy (PI. 
XXXII, fig. 4, pot 30). The roots were very variable, all showing some 
degree of heart-rot, developed in the field, but this did not extend far 
down the roots, and apparently Had not progressed much, if at all, since 
transplanting. Two plants showed signs of waterlogging and had rotten 
tips, but the shoots were not affected. 

(3) Marhd original symptoms of boron deficiency 
The light dressing of boric acid applied to the pots was sufficient to 
prevent deficiency symptoms from appearing in the shoots, but did not 
enable the plants to recover and make really good growth. No central 
axes developed, and the number of secondary shoots was less than in 
the slightly affected plants, the maximum being seven. Most of these 
were more or less unhealthy in appearance, though no d jath or blackening 
of the apices or flowers occurred. Most of the roots were badly affected, 
apparently due to an extension of the original heart-rot or to subsequent 
fungal and bacterial attack. Some roots were discoloured the whole way 
through and only one could be described as fairly healthy, but even that 
was rotten in the middle of the crown. 

C. Double dressing op boric acid applied when transplanted 

Quite soon after transplantation it was evident that half the plants 
in this set were going to fail, as the rosette leaves withered and few or 
no new ones were produced. These beets died without further develop- 
ment, but all of those which made a satisfactory start grew on steadily. 
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The failures were not confined to the plants heavily affected with heart- 
rot, but were equally prevalent in those which were only slightly affected 
qr which showed no symptoms in the field (Table III). 

Table III 

Number of dead plants out of eighteen in each group 

No boron Single boron Double boron 

3 4 9 

No symptoms Slight symptoms Severe symptoms 

ess 

No nitrogen Single nitrogen Double nitrogen 

see 

There were a certain number of failures with the other pot-culture 
treatments, but the proportion in this case was so unduly heavy that 
some contributory cause seems likely. Although no definite proof is 
forthcoming it may be suggested that the amount of boric acid supplied 
as a heavy dressing was too great for some of the plants and exercised a 
toxic effect sufficient to kill them. Where the resistance of individual 
plants was sufficient to allow them to become properly established this 
toxic effect did not appear to come into play. It is unlikely that the 
plants in this set were less strong than the others, as the selection from 
the field was quite random and the distribution among the treatments 
was made as evenly as possible. The dead plants were lifted at the same 
time as others were harvested and were badly decayed all through, 
probably due to secondary bacterial and fungal infection which found 
a congenial habitat on the dying or dead roots. 

(1) No original symptoms of boron deficiency 

Each living plant showed a strong central axis and a few secondary 
shoots all quite healthy and flowering. The roots were good, with no 
sign of heart-rot, all the crowns being healthy and unaffected. 

(2) Slight original symptoms of boron deficiency 

The secondary shoots replacing the central axis varied in number 
from four to ten, and were healthy and flowering (PI. XXXII, fig. 4, 
pot 60). The roots all showed typical heart-rot in the upper part, being 
black and somewhat decayed outside, with the characteristic central rot 
in the crown as well. In one case brown longitudinal specks traversed the 
whole root but, in others, the lower part was clean and healthy. 
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(3) Marked original symptoms of boron defidency 

From six to twelve side shoots reached the flowering stage, and 
although in some cases they were not very healthy in appearance, there 
was no sign of boron deficiency (PI. XXXII, fig. 6). The general malaise 
of the aerial shoots was doubtless associated with the unhealthiness 
of the roots, in which the primary attack of heart-rot had left them 
susceptible to further rotting. One was unhealthy throughout, and the 
others showed the typical core of rot in the crown though the lower parts 
were still fairly sound. 


From the above detailed description it is apparent that there was a 
regular sequence of response correlated with the extent of primary attack 
and the after-treatment with boron. 

(a) When boric acid was omitted from the pot cultures after trans- 
plantation typical signs of boron deficiency usually appeared in the 
shoots regardless of the presence or absence of original symptoms. In the 
roots there were few signs of deficiency in those plants which were not 
primarily affected, but in the others the trouble had become more 
extensive, particularly where the original symptoms were marked. 

(h) When boric acid was supplied, either in light or heavy dressing, 
none of the shoots showed the characteristic death and blackening due to 
boron deficiency. The roots were good and clean in the absence of primary 
symptoms, but aSected roots did not show recovery. With slight original 
affection the spread of the trouble was more or less arrested, but with 
marked deficiency symptoms the progress of decay continued, probably 
because pathogenic organisms found a favourable habitat and their 
ravages were not checked by the application of boron. 

Thedifferencesfound between treatments in the fresh weight of the tops 
(Table IV) were not statistically significant, but they are in concordance 
with the morphological observations. The weight of tops tended to increase 


Table IV 

Mean fresh weight of tops, g. per pUint 


No boron 
49-6 

No symptoms 
6i-4 

No nitrogen 
471 


Single boron 
57-6 

Slight symptoms 
52-9 

Single nitrogen 
40-0 

S.B. ±8*6. 


Double boron 
34-2 

Severe symptoms 
361 

Double nitrogen 
54-4 
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with the first dressing of boron, but the double dressing produced a 
marked decrease, which is accounted for by the increase in the number 
of dead plants. The plants showing severe symptoms when taken from 
the field produced smaller tops than those with none or slight symptoms. 
This effect was independent of the dead plants, the number of which did 
not vary between the three groups of none, slight and severe symptoms 
(Table III). There appeared to be no relation between the weight of tops 
produced and the original weight of the root. 

From the practical point of view the value of these results lies in 
their possible application to the production of sugar-beet seed. If a crop 
of beet reserved for seed is affected with heart-rot, it is probable that the 
trouble will extend during the second year, and that the symptoms will 
appear in plants hitherto immune. All the affected plants will produce 
shoots with the characteristic deficiency signs of blackened and dead 
shoots and flowers and, as these cannot produce fertile seed, the yield 
will be lowered. If, however, the boron deficiency is remedied by planting 
in soil containing an adequate supply or by the application of borax 
before growth again begins, the heart-rot will be controlled and its 
progress arrested. The plants which came through the first season safely 
will develop normally, producing healthy shoots and abundant flowers. 
Also, affected plants will be enabled to develop normal secondary shoots 
in place of the defunct main axis, showing no signs of boron deficiency 
in the apices or flowers. Where the initial attack w’as very severe some of 
these shoots may be less strong, but they may develop a certain amount 
of seed instead of being rendered barren by lack of boron. 

SUMMAEY 

1. Heart-rot of sugar beet occurred on experimental plots at Rotliam- 
sted during 1935, the severity of the attack decreasing steadily with 
later sowing, but the effects of spacing of the row s and of treatment with 
sulphate of ammonia were not significant. Where the number of affected 
plants per row was high, a higher proportion of affected plants showed 
severe symptoms. 

2. Unaffected sugar beets and others showing slight and severe 
symptoms of heart-rot were transplanted to sand cultures and treated 
with light and heavy dressings of boric acid or with none. 

3. In the absence of boric acid the characteristic signs of boron 
deficiency appeared in the shoots, the apices of the stems and the flower 
buds blackening and dying. This occurred even w^hen no symptoms were 
present before transplanting. 
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4. In the presence of boric acid all plants produced healthy shoots, 
with no deficiency symptoms. Where heart^rot was originally present 
and the main axis killed, a number of healthy, lateral shoots were 
produced. 

6. A certain number of plants failed to survive transplanting, the 
proportion being greatest with the heavy dose of boric acid, with which 
one-half of the plants died. This suggests a possible toxic action of the 
heavy dose which did not come into play if the plants were constitutionally 
able to withstand the initial poisoning and start away into growth. 

6. The later addition of boron did not improve the condition of the 
roots of affected plants, as irremediable damage had been done before 
transplanting. 

7. The possibility of producing healthy shoots in the second year 
from affected roots is important from the point of view of seed pro- 
duction, as considerable loss may be saved by the use of small amounts 
of boron compounds. 

EXPLANATION OF PLATES XXXI AND XXXII 

PLATE XXXI 

Fig. 1 , Sections of crowns of sugar beet affected by heart-rot. 

Fig. 2. Section below crown of affected beet, showing blackened areas. 

Fig. 3. Typical death of main axis and increase in secondary shoots, when no boron was 
supplied after transplanting beets which did not show any original symptoms of 
heart-rot. 

PLATE XXXII 

Fig. 4. Plants which showed slight original symptoms of boron deficiency. Pot 11 : no 
boric acid supplied after transplanting. Pot 30: light dressing of boric acid supplied 
after transplanting. Pot 50: heavy dressing of boric acid supplied after trans- 
planting. 

Fig. 5. Plant showing marked boron deficiency in the field and rece: zing no boric acid 
after transplanting. 

Fig. G. Plant showing marked boron deficiency in the field, but receiving a heavy dressing 
of boric acid when transplanted. 


(Received 20 March 1937) 
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THE ESTIMATION OF LEAF AREA 
IN FIELD CROPS 


By D. J. WATSON, M.A., Ph.D. 

Rothanisted Experimental Statim, Harpenden, Herts 

(With One Text-figure) 

The leaf area of a plant is a major determinant of its growth, for the new 
material produced by the plant in an interval of time is dependent on 
the size of its assimilating system. West et ai.(4), and Gregory (2,3) have 
developed methods of growth analysis, using the rate of increase of dry 
matter per unit area of leaf (“Unit Leaf Rate” of West el al.\ “Net 
Assimilation Rate ” of Gregory) as a measure of the balance of the rates 
of assimilation and respiration. An analysis of plant growth in terms of 
this function and of the changes with time in leaf area provides more 
fundamental information than an analysis in terms of the relative 
growth rate. 

In pot culture experiments, particularly in the early stages of growth, 
it is comparatively easy to measure leaf area directly, because the 
uniformity of the material allows of the use of a small number of plants. 
In the later stages, however, when the leaves become numerous and 
large, measuring the leaf area of every leaf may beconn* extremely 
laborious. This difficulty is very much intensified in work on field crops. 
The great variability of the crop necessitates that all observations be 
made on a number of random samples, each consisting of many plants, 
in order that the growth changes and the magnitude of the experimental 
errors may be estimated accurately. Th(‘ labour of measuring the leaf 
area of such large samples of plants directly would be impracticably 
great, for it would involve measuring separately several hundreds, 
possibly thousands, of leaves at each sampling time. 

It is easy, however, to determine the mean leaf weight per plant, by 
cutting off and weighing the leaves of each sample, and dividing the 
total leaf weight by the number of plants. A high correlation exists 
between leaf area and leaf weight, and this fact has been utilized by 
Ballard & Petrie (i), who have used leaf weight instead of leaf area in 
calculating unit leaf rate. They point out, however, that other workers 
have found a drift in the leaf area : leaf weight ratio with time during 



Ratio leaf area : leaf dry weight, sq. cm. per g. Ratio leaf area : leaf fresh weight, sq. cm. per g. 




Fig. 1. Relation between leaf are& : leaf weight ratio and leaf weight for single 
wheat leaves. Samples taken on 12th May, 1933. 
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the growing period, so that the relation between the unit leaf rate, as 
calculated by them, and as defined by West et aZ., is not a simple one. 

The correlation between leaf area and leaf weight may be made the 
basis of an indirect method of measuring leaf area. The procedure 
suggested in this paper for field crops is to estimate mean leaf weight 
from large random samples of plants, and to determine the leaf area : leaf 
weight ratio on quite small samples of single leaves. A similar method 
of estimating grain yield in cereal crops, by sampling for grain : straw 
ratio and weighing total produce has been suggested by Yates & 
Zacopanay (5). Gregory (3) has used an indirect method of estimating leaf 
area on the basis of the leaf area : leaf weight relation, in the later stages 
of a study of the growth of barley in pot culture, but gives no details 
of his procedure. 

If the leaf area : leaf weight ratio were independent of leaf weight, 
it would be sufficient to estimate the mean leaf area per plant by 
multiplying the leaf area : leaf weight ratio, determined on the small 
sample of leaves, by the mean leaf weight per plant, obtained from the 
large sampling. On a priori grounds, however, it is obvious that the 
leaf area : leaf weight ratio must decrease with increasing leaf weight, 
for as the leaf grows in area it also increases in thickness. 

Preliminary observations made on wheat leaves showed tliat there 
was, in fact, a negative regression of the leaf area : leaf weight ratio on 
leaf weight. The linear regression was found to account for 55 to 70 per 
cent of the variance of the ratio, and on fitting a second order term the 
additional reduction of the variance was small, ranging from 1 to 7 per 
cent. The nature of the relationship is shown in Fig. 1 , where the leaf area 
per unit weight of leaf is plotted against leaf weight for forty wheat leaves, 
and the linear and second order regression lines are indicated. A similar 
type of relation holds whether fresh weight or dry weight is used, and 
whether single leaves or all the leaves of a shoot taken together are 
considered. \ln an experiment carried out on sugar-beet and mangolds, 
some of the results of which are considered later in this paper, negative 
linear regressions were found on all occasions, significant in 102 out of 
a total of 120 samplings. The mean reduction of the variance due to 
the regression was 71 per cent. It may be concluded that the linear 
regression is an adequate expression of the relationship between the 
leaf area : leaf weight ratio and leaf weight, and that the second order 
regression gives very little additional information to compensate for the 
large increase in the labour of computation, which fitting the extra term 
would involve. 
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Method of estimating mean area per leaf and 

MEAN LEAF AREA PER PLANT 

Let A be the leaf area of a leaf of weight W, and let A and W be the 
mean values of A and W for the whole population of N leaves. Assuming 
that the relation between the leaf area : leaf weight ratio and leaf weight 
is linear, we have, apart from experimental errors, 

or = where = 

or A^kW + PW'\ 

Making a summation over the whole population we have 


S(A) = kS(W) + ^S{W'% (1) 

Dividing by N we have 

A (mean area per leaf) = /cH'-fj81f ‘‘^. (2) 


If the mean number of leaves per plant for the whole population is L, 
then the mean leaf area per plant= [kW + A, W and L 
are estimated accurately from a large random sampling but not k 
and since these involve the determination of individual leaf weights 
and areas. 

Now S (TF2) = S (W — WY-\-NW^ and substituting in (1) we have 

S{A)==KS(W)i-pNW^^-\-pS{W--W)^, 

Dividing by A, _ 

+ ( 3 ) 


In addition to the large sample, a small subsample of n leaves is taken, 
and the area and weight of each leaf is determined. From these areas 
and weights, k and b, estimates of k and /S respectively are calculated 


{k = (^^-bw, where a and w are areas and weights of leaves of the 
subsaiuple). 

Now it is known that — , S (w-w)^ taken over the subsample is 
n-\ 

an unbiased estimate of S (IF - IF)® taken over the large sample. 

1 _ . jV-l Siw-u'Y 

Hence an unbiased estimate of -^SiW-Wf is . and 
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since N is large (in the examples which follow iV=600 to 1000), the 
N-l 

factor - - jy may be replaced by 1. 


Substituting in (3), we have 


Af (estimate of ^) = IcW + 6 + 6 , 


•( 4 ) 


^ Uf) — 

in which W is determined from the large sample, and k, b and — 


are obtained from the subsample. 

It is important that the subsample be a strictly random selection 
from the whole population, in order that ^ ' may be an unbiased 
S (]Y^\YY2 

estimate of y subsample were to be used only for the 

estimation of the regression coefficient b, it would be preferable to select 
it to give the widest possible range of leaf weight so as to estimate h 
as accurately as possible, but this is not permissible if the subsample is 
also used to estimate the variance of mean leaf weight as well as 6. 
A possible alternative method would be to take two subsamples, one 
selected to give a wide range of leaf weight to be used for the estimation 
of 6, and the other, perhaps somewhat larger, a strictly random selection 
to provide an estimate of the variance of mean leaf weight. This method 
might be preferable if considerations of the work involved in measuring 
the leaf areas require that the subsample on which b is estimated be too 
small to give an accurate estimate of the variance. 

It can be shown that the estimate of A obtained by this method is 
unbiased. From (4) the mean value of from repeated subsamples 
of n leaves reduces to 


A =kW + where <t^ is the variance of leaf weight 

which is the true value of A (expression (2) above). 


Bias in other methods op estimating mean area per leaf 

The mean area per leaf might be estimated from the product of the 
mean leaf weight W, obtained from the large sample, and the mean 

KJ\ 


leaf area : leaf weight ratio 


calculated from the subsample. 
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It is obvious thftt the estiiuate of A ()l)tMiTied in this w<iy must 
be positively biased, since the small leaves, which have a high leaf 
area : leaf weight ratio, will be overweighted, and the larger leaves, with 
smaller leaf area : leaf weight ratio, underweighted. The magnitude of 
the bias can be estimated as follows. Kor any leaf of the subsample 
of n leaves 

^ = K + jStt) . Therefore = Ki-^w 

and the estimate of A =^Wx = IF -f ^w). 

The average estimate of A from repeated subsamples of n leaves 

= (/c + jSlF) 

— since CT^= If 

The true value of A — kW-^^W^^ so that the bias introduced is 
which is positive since j 3 is negative, and independent of the size of the 
subsample (n). 

The objection to this method is partly mitigated if instead of the 

s Q 

unweighted moan leaf area : leaf weight ratio , the weighted 

71 

mean is used, so that A is estimated as W . It can be sluuvn, 
>S (?^;) ’ S (tv) 

however, that this estimate is also positively biased, though to a less 

extent than the estimate from the unweight(‘d mean. Thus, for any leaf 

of the subsample of n leaves 

a = Kiv + Pw^, 

Therefore d = kw + jSw;^ 

The weighted mean leaf area : leaf weight ratio 

S(w) w w 

__ Q , 

and the estimate of A=^W x-=kW -{-B ^ AV, 

w V) 

The mean value of the estimate of A from repeated subsamples of n 

leaves 

r ^ ^2 

=kW+^W mean value of ^ 

— — r I e- S(V'-w)'^ 

= kW+PW mean value of w + — - ^ _ 


( 5 ) 
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(since jv)^) _S {w—w)^+nw^ S(v)-w)^ -> 

' w nw ~ nw ~ nu> 


^kW+BW ^ S approximately, 

\ 71. W / 


= kW + P{W^ + <t^)-1^^ 
+kW+pW^-Ip<tI 


The bias introduced is therefore -- Ba^, or 1/nth of the bias in the 

estimate from the unweighted mean. It is dependent on the size of the 
subsample, becoming zero when n is very large, as obviously it must, 


since for the whole population If . _ is equal to ^4. It should be pointed 


out that these estimates of the bias are correct only if the subsample is 
a random selection from the whole population, so that the mean of w 
tends to If in repeated subsamples of n leaves, and the estimate of a*, 
the variance of mean leaf weight, is unbiased. 


Experimental results 

A sampling experiment was carried out on sugar-beet and mangolds 
in 1934, in which growth observations were made by sampling at 
fortnightly intervals. The experiment consisted of six blocks, each of two 
plots, one of sugar-beet and one of mangolds, and the blocks were sown 
singly at successive intervals of a fortnight. vSampling was begun when 
the crops were thinned and ten complete samplings were carried out 
after the thinning of the last sown plots. On each occasion a random 
sample of twenty plants was taken from each plot, the number of leaves 
in the whole sample was counted, and the total fresh weight of hiaf 
lamina determined. A random subsample of ten leaves was taken, one 
from each of ten plants selected at random from the twenty plants of 
a sample. The lamina was cut off and weighed and its area measured 
by printing on “blue-print” paper, cutting out the print and weighing it. 
The mean leaf area per plant was calculated for each sample by the 
three methods which have been discussed. The estimat/cs obtained by 
the unweighted mean leaf area : leaf weight ratio method were con- 
sistently greater than those calculated by the regression method. The 
estimates from the weighted mean showed a similar but smaller positive 
bias. The mean values for the sixty samplings of sugar-beet and of 
mangolds are shown in Table I. 
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Table I. Mean leaf area per plant, sq. dm,, (mean of sixty samplings) 


Method of estimation 

Sugar-beet 

Mangolds 

Unweighted mean 

51-41 

40-89 

Weighted mean 

40-81 

30-49 

Hegression 

' 38-03 

28-97 

Bias: 



Unweighted mean 

13-38 

11-92 

Weighted mean 

2-78 

1-52 

Ratio unweighted : weighted 

4-8 

7-8 


It has been shown theoretically that the bias in the unweighted mean 
estimate should be n times the bias in the weighted mean estimate, 
where n is the number of leaves in the subsample. In this experiment 
n = 1 0, and the ratio of the biases was found to be 4*8 for sugar-beet 
and 7*8 for mangolds. The latter figure is in fair agreement with theory, 
but the discrepancy for sugar-beet is more serious. The most probable 
explanation is that the estimate of mean leaf weight in the subsample 
was positively biased. In the sugar-beet there was a considerable 
development of axillary buds, forming many leaves of small area. In 
selecting the subsample of ten leaves, these were ignored, as it was 
difficult to devise any simple method of strict random selection which 
would include them, but they were included in the estimate of mean 
leaf weight in the large samples (If). The leaves on the main axis were 
selected by counting back from the youngest leaf in the order of pio- 
duction, until a leaf of a number selected from a table of random numbers 
was reached. In the mangolds, however, axillary leaves were rare. If 
w is an unbiased estimate of W, it would be expected that in a series of 
samples, the number of occasions on which w exceeded W would be equal 
to the number on which w was less than W. This was found to be true 
approximately for the mangolds, but for sugar-beet the number of 
occasions on which If was greater than w was markedly in excess of 
expectation. This is shown in Table II. 

Table II 

Sugar-beet Mangolds 

Numb(M' of occasions on which iv was greater than W 40 28 

Number of occasions on which w was less than W 20 112 

This bias in the estimate of w may have affected the estimates of 
mean leaf area by the regression method, for though k and b will not 
have been affected, the estimate of may be biased. 

The estimates of mean leaf area per plant calculated by the un- 
weighted mean method were considerably more variable than estimates 
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by the weighted mean, or regression methods. Table III shows the 
residual variances, after elimination of variance due to plots, times of 
sampling and the interactions with time of the linear regressions on 
sowing date. 

Table III. Residual variance of mean leaf area per plant (72 d.p.) 

Unweighted mean method 74*89 

Weighted mean method Sf)*!! 

Regression method 48- 14 

The variances of the estimates calculated by the weighted mean and 
regression methods did not differ significantly. 

A similar method of estimating mean leaf area per plant and per 
metre row of crop has been employed for wheat. The labour of cutting 
off and weighing the leaves from a large number of random samples, in 
order to determine the mean leaf weight W, was found to be imprac- 
ticably great, and to avoid this, the estimates wore based on deter- 
minations of the leaf area: plant dry weight ratio and its linear regression 
on plant dry weight. The method of calculation was exactly similar to 
that described above, where the leaf area : leaf weight ratio and its 
regression on leaf weight were used. Significant negative regressions of 
the leaf area : plant dry weight ratio were found during the period from 
the beginning of May onwards, but during the earlier stages of growth 
the regression coefficients were small and not significant. Positive and 
negative values of the coefficient were equally frequent, indicating that 
during this period of growth the leaf area : plant dry weight ratio was 
independent of plant dry weight. The regression of the leaf area : leaf 
dry weight ratio on leaf dry weight was found to be consistently negative 
and significant on almost all occasions, as in the sugar-beet and mangold 
data. 


Summary 

1. It is shown that the leaf area : leaf weight ratio decreases with 
increasing leaf weight. 

2. The relation between the leaf area : leaf weight ratio and leaf 
weight is well fitted by a linear regression equation. 

3. A method of estimating the mean leaf area per leaf or per plant 
of a field crop by means of this regression is described. The mean weight 
per leaf is determined by a large sampling, and the leaf area : leaf weight 
ratio and its regression on leaf weight are estimated on a small subsidiary 
sample. 
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4. Alternative methods of estimation from the mean leaf weight and 
either the unweighted or the weighted mean leaf area : leaf weight ratio 
are shown to give positively biased estimates of mean leaf area. 

5. It is emphasized that the small sample, from which the leaf 
area : leaf weight ratio and its regression on leaf weight are determined, 
must be a strictly random selection from the whole population. 

The author wishes to thank Mr W. G. Cochran, of the Statistical 
Department, Rothamsted who worked out the mathematical basis of 
the method, and Messrs M. A. Fikry and G. C. Procter who carried out 
many of the leaf area measurements and helped with the arithmetical 
computation. 
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THE EARLY DEVELOPMENT OF THE 
COTTON FIBRE 

BY 

F. M. L. SHEFFIELD, M.Sc., Ph.D., P.L.S. 

RothamtUd Experimental Station, Harpenden, Uert$, 

Introduction. — The development of the cotton hair is obviously a 
subject of considerable economic importance, and it is not surprising 
therefore that it has received increasing attention during recent 
years. Nevertheless, considerable discrepancy and confusion appear 
to exist in the interpretation of results. It seemed possible that a 
detailed cytological study of diverse material would yield some 
explanation of these discrepancies. For this purpose, material of 
Old and New World varieties of cotton obtained from India and 
Egypt was compared with cotton grown under glass in England. 

Over fifty years ago. Bowman (1882) first discussed the formation 
of cotton hairs, concluding that they originated “ in the second layer 
of cells beneath the cuticle of the seed.” Many years later, Balls (1915) 
published an outline account of the development of all tissues of the 
cotton seed after fertilization. He found that the fibres begin to grow 
out from the epidermal cells of the ovule on the day that the flower 
opens, and that “ there does not appear to be any further growth of 
epidermal cells into lint hairs after this first day, in spite of accepted 
statements to the contrary.” Later (1919) he suggested that 
“ possibly irregularities in length may arise from distribution of the 
normal simultaneous ‘ sprouting ’ of these cells over several days.” 

Turner (1929) contested this view, pointing out that on Balls" 
conception the number of hairs per seed must remain constant, and 
that the number of fibres per unit area of seed surface must decrease 
as the seed increases in volume. He suggested that the differentiation 
of hairs continues for some time after flowering. Gulati (1930) found 
that there is a sevenfold increase in the number of hairs in the first 
five days after flowering. This continued differentiation of hairs must 
be resultant upon continued mitotic divisions in the epidermal layers 
of the outer integument. Gulati claimed that mitosis occurs in these 
cells up to the tenth day after flowering. Singh (1981) made certain 
cytological observations and supported the view that the number 
of hairs increases during the life history of the ovule. Farr (1988 ) 
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observed mitosis in the epidermis up to the twelfth day after flowering. 
It is unfortunate that none of these cytological observations are 
supported by adequate photomicrographs of mitosis in the epidermis 
after the first few days, for from the photographs published by Barritt 
(1982) it would seem that division in the epidermis must have ceased 
Jong before even the seventh day after flowering. Ayyar and 
Ayyangar (1983) consider that the epidermal cells remain in a young 
growing condition for some time after flowering, stating that “ we 
did not detect (in sections of Cambodia cotton ovules) actual mitosis 
in the epidermal cells beyond the second day after flower opening, 
but the nucleus was quite prominent in them till they were twenty 
days old.” These authors also revert to the suggested subepidermal 
<U’igm of the fibres. 

It will be shown that great variation occurs in the development 
of the tissues of different seeds within a single boll and that different 
parts of a single seed are often differently developed. Thus it wilJ 
be found possible to reconcile several of the contradictory statements 
outlined above. 

Material. — One dozen plants of the variety Sakel were grown in 
a chamber of a glasshouse at Rothamsted Experimental Station in 
the summer of 1938. Seed from 1981 plants was obtained from 
Professor R. H. Stoughton. It was sown on February 15 and flowering 
commenced towards the end of May. Cotton had been grown in this 
same glasshouse for several seasons, so that information as to the best 
conditions was available. It w^as of course not possible to obtain 
the normal growing conditions of the cotton plant in tropical and 
sub-tropical regions. The light intensity in this country is very much 
lower, but Balls has shown that the too great light intensity 
experienced in Egypt retards growth. In England, the maximum 
intensity is probably about the optimum for growth, and it is during 
the dull periods that growth is retarded. Over the two months of 
June and July when all fixing was done, the average maximum day 
temperature was 39*5° C. and the average minimum was 21*4*^ C. 
The glasshouse chamber faced westwards and was in direct sunlight 
during the afternoon, so that the highest temperatures were attained 
about 3 to 4 p.m., the lowest being experienced about 8 to 4 a.m. 
Possibly the temperatures are lower than the optimum, but their 
retarding effect seems to be counterbalanced by other factors — the 
relatively long day experienced in this country in summer and the 
fact that the greater degree of humidity of the atmosphere of a 
glasshouse prevents wilting which may occur in the fields For the 
purposes of this paper it was essential that the flow^s should develop 
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nonnally after fertilization. The time required after pollination 
for the boll to ripen affords a criterion of the normality of seed 
development. The bolls of these plants ripened 50 days after the 
flowers opened, the normal time of ripening varying from 40 to 60 
days (Balls, 1915). 

For comparison fixed material was obtained from Indore in Central 
India and also from Egypt. The material from Indore consisted 
of a New World type (Indore No. 1, a selection from Cambodia, of 
the Gossypium hirsutum type) and of an Asiatic type (Malvi, a selection 
from the local cotton of Indore. According to Gammie it is G. 
neglectum var. malvensis, whilst Harland classified it as G. arboreum L. 
var. Nanking). Samples of Maarad cotton were obtained from Egypt. 
Unless special mention is made the general description which will 
follow can be regarded as applicable to all the varieties examined. 

Methods. — On the day each flower opened it was labelled with a 
tab bearing the date and an appropriate number. In a few cases 
flowers were cross-pollinated, but usually they were allowed to become 
self-pollinated, pollination occurring naturally within a few hours of 
the opening of the flower. 

A number of trials were made to find a suitable fixative. Among 
those tried were Camoy’s, Flemming’s medium with or without acetic 
acid, Champy’s and Helly’s fluids and a chrome-acetic solution. 
Allen’s modification of Bouin’s fluid (B-15) was found to give excellent 
fixation in the early stages of seed development. Satisfactory 
fixation in the later stages is exceedingly diflScult to obtain ; the results 
yielded by the latter fixative were better than any given by other 
solutions. Much of the material grown at Bothamsted and all of 
that obtained from India and Egypt was therefore fixed in Allen’s 
Bouin. 

In England the material was fixed within one hour of noon 
(i.e., between 11 a.m. and 1 p.m. Greenwich Mean Time), when 
maximum cell division is generally supposed to occur in this climate. 
The Indian material was fixed about 10 to 11 a.m. and that from 
Egypt between 9 a.m. and noon or 3 and 5 p.m. Bolls up to seven 
days old were cut into quadrants before fixing; after seven days, the 
seeds were dissected out before fixing. The fixative was warmed 
to 38® C. and an exhaust pump was always used. The material 
was left in the fixative for 4 to 6 hours. It was then passed rapidly 
through graded alcohols to 70 per cent, alcohol saturated with lithium 
carbonate. This solution was poured off and renewed at intervals until 
all the picric acid was washed out from the seeds. (Material from 
India and Egypt travelled in this solution.) Dehydration was then 
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completed with alcoholi the material was cleared in cedarwood oil 
and was embedded in paraffin wax of melting-point 62® or 68® C* 
according to the age and consequent hardness of the seeds. Sections 
were cut at 6 to 16 fx. 

A variety of stains were used. The iodine-gentian- violet method 
with or without a counterstain gave excellent results. 

The Epidermis op the Resting Ovule. — In the early part of 
the day on which the flower opens and pollen is transferred to the 
stigma, although occasional mitoses may be found, relatively little 
nuclear activity is observed in the outer epidermis of the outer 
integument of the ovule. This layer now consists essentially of 
closely packed cuboidal cells, radially elongated and each containing 
a large nucleus and richly staining cytoplasm (Pig. 1). Occasional 
cells bulge slightly to the exterior. The latter are already 
differentiated and will give rise to the first formed hairs without 
undergoing any further division. A few stomata are already 
differentiated (Fig. 2). 

Differentiation op the Epidermis of the Seed Coat. — 
After pollination, the epidermis enters a phase of great activity. The 
undifferentiated cells divide, and certain of the daughter cells may 
develop into hairs or stomata. The other daughter cells divide 
repeatedly until all in turn are differentiated as lint hairs, as fuzz 
hairs, as stomata, or in such a way as to become coloured and thickened 
to form the protective epidermis of the mature seed. 

Twenty-four hours after pollination the primordial hair cells 
distinguishable on the previous day have elongated radially to several 
times their original size (Fig. 3). As each cell elongates, the nucleus 
passes outwards so that it remains always about the centre of the cell. 
A few stomata are also differentiated on the first day ; these and the 
young hairs are usually confined to the chalazal end of the seed. In 
the case of the Maarad cotton occasional seeds show hairs developing 
first at the micropylar end. The undifferentiated epidermal cells 
are in a state of very active division. The pollen tube reaches the 
embryo sac and fertilization occurs between one and two days after 
pollination (Fig. 6). 

Singh (1931) stated that in bolls “ forty-eight hours old almost 
all the epidermal cells have been found to be involved in the formation 
of fibres.” This is true only of certain areas of the seed surface. At 
the chalazal end (Pigs. 4 and 6) a very large proportion of the cells 
are developing into hairs, but towards the micropylar end the vast 
majority of the cells are usually undifferentiated at this time. Ag 
the hairs at the chalazal end are so closely packed it is obvious 
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that to produce the spaced hairs of the mature seed the few epidermal 
cells remaining amongst them must divide without the daughter 
cells always giving rise to further hairs. 

The undifferentiated cells near the micropyle continue to divide 
rapidly. Actual counts were not made, but the general impression 
given by the preparations is to the effect that the number of mitoses 
reaches a peak about the second day after pollination or very soon 
after fertilization. 

As the cells become differentiated into hairs or stomata, they 
obviously lose their power of division, and as more and more cells 
are differentiated, the number in mitosis at one time must decrease. 
At the third day, mitosis is still of quite frequent occurrence; on 
the fourth and fifth days, groups of meristematic epidermal cells 
(Pig. 7), as well as isolated dividing cells amongst long hairs (Pig. 6), 
are found in every seed. Hairs of various lengths occur in every 
section (Pigs. 10 to 14) and stomata are well developed, especially 
towards the chalazal end. About this time certain areas of the 
epidermis are seen to have lost all power of division. The undifferen- 
tiated cells increase in volume, the nucleus remaining small and 
entering a resting condition. ^The cell vacuole becomes filled with 
the golden coloured and no cell in which 

has developed is ever seen to divide. 

Young hairs now begin to arise from the cells at the micropylar end 
of the seed and a few are formed also between the now much elongated 
hair cells tow^ds the chalazal end. When they are about two days 
old, torm ed in a number of these, suggesting that many 

of the later formed fibres go to constitute the “ fuzz.” This is 
indicated also by their position: a tuft of fuzz hairs is usually 
present around the micropyle of the mature seed, and patches of fuzz 
hair occur also amongst the longer lint hairs towards the chalazal end. 
However, these later formed hairs are not all of the fuzz type. Lint 
and fuzz hairs are eventually found intermingled in those areas where 
no hairs are developed until several days after pollination. The 
diameter of these younger lint hairs seems to be slightly greater than 
that of the earlier formed fibres. 

About six days after pollination, mitosis becomes increasingly 
difficult to locate in the epidermis. The latest dates after flowering 
at which it was observed are: 


Sakel 

Indore No. 1. 

Malvi 

Maarad 


Up to 10 days (Fig. 17). 
Up to 9 days. 

Up to 8 days (Fig. 10). 
Up to 9 days (Pig 16). 
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It is probable that mitoses do occur at still later dates. Divisions 
were not actually observed later, although uncoloured cells with large 
nuclei apparently still capable of division were found up to twelve 
days. By the twelfth day, exc^t i^ these rare instances, all the 
epidermal cells are filled with e ^iro^romo, as are also the fuzz hairs, 
only the lint hairs and the stomata remaining colourless. In occasional 
seeds this condition is reached by the seventh day, and frequently it 
is attained by the tenth day after flowering. 

The intermingling of fully differentiated and meristematic cells 
that occurs in the epidermis of the cotton seed is most unusual. In 
the case of cambium and of the primary meristems, the cells remain 
quite undifferentiated until all in the immediate neighbourhood have 
ceased to divide. 

Variability. — Previous writers have tended to stress the latest 
date on which they were able to observe mitosis. Very little 
significance should be attached to the exact time of cessation of all 
mitosis. This date is difficult or almost impossible to determine, 
and slight variations in conditions of growth may bring about 
differences in the rapidity of cell division. It is the variability in 
the growth of the fibres that should be emphasised. The foregoing 
description has shown that there is great variation in the development 
of different regions of the seed coat. Generally development is 
earlier towards the chalazal end of the seed (Figs. 5 and 14). This is 
shown not only in the epidermis but also in the internal tissues such 
as the palisade layer. The results described are in harmony with those 
of Koshal and AJimad (1932), who found considerable differences in 
the physical properties of the fibres from different parts of the seed 
coat. They found the mean fibre length for the fibres at the base 
of the seed to be significantly greater than for fibres at the apex of 
the seed. That the basal fibres should be longer than the apical 
ones is in accordance with the fact that the basal ones are several 
days older than the apical, and that the mean fibre weight per unit 
length and the mean fibre strength should be greater for the apical 
fibres is compatible with the slightly greater diameter of the apical 
fibres. 

Great variation also exists from seed to seed within the same boll. 
This was realized by Bailey and has led to the custom of selecting 
always the second seed from the base when sampling. It is also 
well exemplified by two photographs (Figs. 19 and 20) taken from 
two seeds of a single boll which were fixed, embedded and sectioned 
together and mounted on the same slide. 

The amount of variation occurring from cell to cell of a single 
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seed and from seed to seed within a single boll is greater than the 
differences in development between varieties or even between Old 
and New World types of cotton. Obviously from an economic 
standpoint this variation is most undesirable, but its existence cannot 
be too greatly stressed. Failure to realize this variability, whilst 
drawing conclusions and basing hypotheses on the cursory examination 
of hastily prepared sections of a few seeds, has led to infinite confusion. 
The sectioning of a whole seed is a long and tedious process, but unless 
this is done it is impossible to determine whether cell division is 
complete, as whilst some areas are fuhy differentiated, others may 
remain meristematic. Even if whole seeds are sectioned mitoses may 
still be missed owing to the material having been fixed at an unfavour- 
able period of the day,* although with experience cells still capable 
of division can usually be recognized. Special emphasis is laid on 
this variability, for not only has it led to confusion in the interpretation 
of cytological preparations, but such differences in the early 
development of the fibres cannot fail to affect the uniformity of 
the mature lint. 

The Nucleus of the Primobdial Hair Cell. — Ayyar and 
Ayyangar (1982) noticed that the nuclei of the primordial lint hairs 
increase in size and that several small nucleoli appear; the latter fuse 
to form a single nucleolus. Barritt (1983) has pointed out that in the 
normal course of mitosis the nucleolus disappears during the prophase. 
At the telophase one or more nucleoli arise cfe novo. If several such 
nucleoli appear they may later fuse to form one body; this proved 
to be the case in cotton, and is not confined to the primordial hair 
cells. After each mitotic division several small nucleoli arise in 
each daughter cell. If the daughter cell is to give rise to a hair 
the nucleus increases in size, and the nucleoli fuse into one large 
spherical body which later often contains a crystal. If the daughter 
cell remains undifferentiated, these small nucleoli tend to fuse together, 
but a new mitotic division may be commenced before fusion occurs. 
In the case of daughter cells which have ceased to divide, and 
have assumed the characters of mature epidermal cells, the nucleoli 
generally fuse together into one body. 

The Hair Base. — Barritt (1929) has claimed that the portion 
of the hair embedded in the epidermis does not grow at all, and as 

* In this connection it is interesting to note that many more cells were 
actually seen in the processes of cytokinesis in the material gro^m in England and 
in Egypt than were found in the two types sent from India. As the development 
of all varieties appeared to be as nearly parallel as is possible in such inconstant 
material, presumably the times of day selected for fijdng in England and in Egypt 
were about the times of maximum division, but the time of fixation in £i(fia 
was not so fortunately chosen. 
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the neighbouring cells increase in size the hair base becomes crushed. 
On this observation he based his theory of fibre nutrition from the 
“ boll-sap.” Farr (1931) has denied the existence of the constricted 
hair base, stating that the apparent flattening is due to the plane in 
which the section is cut. The writer finds that for four or five days 
the bases of the hair cells do increase in size, keeping pace with the 
diameter of the fibre (Fig. 18). After this there appears to be no 
further increase and the bases may become constricted by pressure 
from the neighbouring epidermal cells which are increasing in size 
and in number. That the constriction is real can be determined 
either by focussing or by examination of adjacent sections. If the 
constriction were merely due to the plane of section, then the full 
width of the hair base should be so revealed, but such was not found 
to be the case. 

The material grown in England was the only fresh material available 
which could be examined for “ boll-sap.” No liquid was found in 
the boll cavity. The question would boar further examination as 
the function of the stomata (Fig. 15) on the seed coat remains 
obscure. 

Stomata and the Fuzz Haiks. — Ayyar and Ayyangar (1988) 
reverted to the theory of Bowman (1882) that the hairs are of 
subepidermal origin, making the naive suggestion that one of the 
subepidermal cells opposite a stoma enlarges centrifugally and 
gradually finds its way out between the guard cells.” These hairs 
are thought to be fuzz hairs, and in this way the constriction of the 
hair base is accounted for. Now, in the young seed all the 
tissues including the epidermis, hairs and stomata are colourless. As 
the seed ripens, the epidermal cells and the fuzz hairs become filled with 
but the guard cells of the stomata remain always colourless 
and their contents are unaffected by all the more usual dyes. If then 
a hair were to grow through the stomatal cavity we should expect to 
see a colourless cell on each side of the hair. This is not shown in 
Ayyar and Ayyangar’s photographs where all the epidermal cells are 
densely coloured. Nor could it be observed in any sections or 
epidermal strippings from the mature seed (Fig. 21). 

Summary. — The development of the cotton fibres from primordial 
cells in the epidermis is described. Pollination stimulates cell 
division in the epidermal layer. Mitosis continues in tlie epidermis 
and young hairs are differentiated for a considerable period after 
flowering. The number of epidermal cells in active division seems 
to reach a peak at about the second day, but mitosis occurs to a 
diminishing extent until at least ten days after flowering. 
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The diflcrepancioB in the results of previous workers appear to 
be due to an unexpected variation in the rate of development and 
differentiation in different cells of the same seeds, and in different 
seeds within the same boll. 
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explanation op plater 

All photomiorographt were taken wil^ a Leitz ** Makkm ** camera. A Leita 

** Monla ** lamp, suitably screened with a Wratten M ** bolonr filtef, was used 

as t^ source of illumination. 

Fio. 1. — Sakel. Day of pollination. The epidermis of the seed shows occasional 
cells in mitosis. 900X. 

Fio. 2.~-Sakel. Day of pollination. Some stomata are already differentiated. 
900X. 

Flo. 3.>~Sak6l. One day. Mitosis occurs in the epidermis and young hairs 
are differentiated. 900 X. 

Fig. 4. — Sakel. Two days. Towards the chalazal end of the seed, a very large 
proportion of the epidermal cells are differentiated as hairs. 140x . 

Fig. 5. — Ss^l. Two days. Longitudinal sections of the seeds show young 
hairs developing around the chalazal end. Very few hairs are seen 
towards the mioropylar end. The pollen tube has reached the 
embryo sac. 30X. 

Fig. 6. — Sakel. Four days. Mitosis occurs in the epidermal cells between the 
hair bases. 900X. 

Fig. 7. — Sakel. Five days. Portions of the epidermis remain meristematic. 
900X. 

Fig. 8. — ^Bilaarad. Seven days. Mitosis continues in the epidermis. 900 X> 

Fig. 9. — ^Indore No. 1. Seven days. Mitosis still continues in the epidermal 
cells between the hair bases which are becoming constricted. tK)0X . 

Fig. 10. — ^Malvi. Eight days. An area of the epidermis near the micropyle 
which has remamed in a meristematic condition. Young hairs are 
being differentiated. Sections of older hairs are also seen in the 
bacli^^round. 900X* 

Fig. 11. — Sakel. Seven days. Very young fibres are growing amongst older 
ones. 140X. ♦ 

Fig. 12. — ^Maarad. Seven days. Hairs one or two days old are growing amongst 
older fibres. 140 x- 

Fig. 13. — ^Maarad. Seven days. Constricted hair bases are seen between the 
epidermal cells. 140 X. 

Fig. 14. — Sakel. Eight days. Longitudinal section of a seed shows long hairs 
and short hairs projecting from the epidermis and also a region of 
the epidermis wmch has not yet given rise to hairs. 20x . 

Fig. 16. — Maarad. Eight days. Section through the epidermis shows a stoma 
and a hair base. 900x . 

Fig. 16.—Maarad. Nine days. A region of the epidermis still remains meriste- 
matic. 900X. 

Fig. 17.— Sakel. Ten days. Mitosis may still occur in the epidermis. 900 X. 

Fig. 18.— Sakel. Nine days. Mitosis occurs in the epidermis. Sections of 
long hairs are also seen. 450X . 

Figs. 19 and 20.— Sakel. Ten days. These two sections were made from two 
different seeds from the same boll. In one the epidermis is 
meristematic; in the other, mitosis has long ceased. 450X . 

Fig. 21.— Sakel. Fourteen days. The hair base, constricted between the 
epidermal cells, projects into the subepidermal layer. 900 X . 


Bfidivid Fdruary^ 1936. 
























Observations on the Oxygen Uptake of Isolated 
Plant Tissue 

■ I. The Effect of Phosphate and of Added Carbohydrate 

BY 

JOHN CALDWELL 

AND 

JANE MEIKLEJOHN 

{Departments of Plant Pathology and General Microbiology ^ Rothamsted Experimental Station, 

Harpenden, Herts.) 

With one Figure in the Text. 

Introduction 

I N the course of an examination of the possibility of oxygen uptake by the 
agent of aucuba virus disease of tomato, a number of studies of the be- 
haviour of plant tissue in Barcroft respirometers were made. The experiments 
with the virus material yielded negative results; in no instance, with crude 
virus juice filtered through Pasteur-Chamberland L3 candles, or with purified 
and concentrated virus material (Caldwell, i935)> was there any indication 
that oxygen was taken up, even when large quantities of active virus-agent 
were present in the experimental material. 

Subsequent experiments, performed with tissue of healthy and diseased 
plants, while they threw little light on the problem of virus disease, yet gave 
results which are suggestive of other lines of investigation, and some of these 
results are recorded in this paper. 

Materials and Methods 

The material used was slices of tomato stem tissue prepared by removing, 
under sterile conditions, the cxtra-cambial tissues and then cutting the 
remaining tissue longitudinally into slices about 2*5 cm. long by 0*5 mm. 
thick. In preliminary experiments it was found that, if thicker blocks of 
tissue were used, the oxygen uptake was limited by the rate of diffusion into 
the block; the type of results obtained are illustrated in Table I. 

As filling the Barcroft bottles with oxygen instead of air (to increase the 
external oxygen concentration) caused no measurable increase in the oxygen 
uptake of slices 0*5 mm. thick, it was concluded that the slices were sufficiently 
thin to allow of adequate diffusion of oxygen into the interior of the tissue 
(cf. Warbui^, 1930). 

(Aiuitlt «f Botany, N.S. Vol. I, No. 3, July 1937.) 
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The apparatus used for the measurement of oxygen uptake consisted of 
Barcroft differential manometers; the customary technique was employed 
(Dixon, 1934). All the measurements were made at 26® C, The oxygen 
uptake is expressed throughout as ftl. of gas (dry at N.T.P.) taken up per hour, 
per gramme fresh weight of tissue. 

Table I 

Comparison of Blochs and Slices 


Method of cutting. 

Tissue suspended in. 

Oxygen uptake (ftl./gm./hr.) 



(I) 

( 2 ) 

(3) 

Whole block. 

M/io KH,P04 

64 

56 

61 

Half blocks . 

it 

73 

74 

78 

Slices . 

tt 

81 

78 

84 

Whole block. 

M/30 KH,P04 

— 

63 

— 


M/30 KH,P04+o- 5 
per cent, glucose 


70 


Half blocks . 

M/30 KHtP04 

— 

62 

— 


M/30 KH,P04+o- 5 
per cent, glucose 


79 


Slices . 

M/30 KH,P04 

— 

70 

— 


M/30 KH.P04-f 0*5 
per cent, glucose 


88 



The procedure in a typical experiment was as follows: the slices of tomato 
stem, prepared as described above, were divided into six approximately 
equal batches. Each batch (weighing between o*i gm. and 07 gm.) was 
placed in a tared Barcroft bottle containing 3 ml of sterile dilute potassium 
dihydrogen phosphate (KHgPOJ solution, and the whole weighed. The usual 
roll of filter-paper and KOH solution were added, the apparatus placed in the 
bath and brought to equilibrium, and readings were then taken at intervals 
over a period of six hours. Dilute acid potassium phosphate was used in 
which to suspend the slices as it is a non-poisonous medium of an acidity 
comparable with that of tomato juice. In the earlier experiments the concen- 
tration of phosphate was varied; in the later experiments, only one concen- 
tration of phosphate (M/30) was used, but sugar was added to some of the 
bottles, the required amount being dissolved beforehand in the phosphate 
medium. 

In all the work recorded in this paper precautions were taken to ensure that 
no bacterial contamination took place; when on one occasion this did occur 
the increase in oxygen uptake late in the six-hour period was so marked that 
it was easy to see that something unusual had happened. 

Note on the accuracy of the results. 

Eveiy figure for oxygen uptake given in the tables is a mean value, derived from 
six samples in Tables II and III, and two or three samples in the later tables. The 
actual results from which the means are taken varied over a fairly wide range. The 
main factor contributing to this variation was probably the difficulty of obtaining uni- 
form sets of samples of the relatively targe size necessitated by the amall oxygen 



Uptake of Isolated Plant Tissue. I 479 

uptake of plant tissue. Where the mean oxygen uptake was above 40 /il./gm./hr., 
the average standard deviation was found to be about 10 per cent, of the mean. 
It follows that differences, due to treatment, of less than 10 per cent, of the mean 
value of the control cannot be detected. Most of the differences reported are of a 
hi^er order; significance tests were applied to them all, and those differences 
which were found not to be significant are so marked in the tables. 

Results 

I. Phosphate concentration and age of tissue. 

In the first series of experiments tissue from healthy plants was used; the 
plants were of two different sizes; plants in the 5th leaf stage (referred to as 
Very young* plants), and plants in the 6th to 12th leaf stage (referred to as 
‘young* plants). The oxygen uptake of tissue from plants of both types was 
measured in distilled water, and in different concentrations of phosphate. 
The results are given in Table II. 


Table II 

Oxygen Uptake of Slices of Tomato Stem {Healthy Plants) 


ion of KHjPOi. 

Very young plants. 

Young plants. 

M 

8*1 

— 

M /3 

14*0 

39*5 

M/io 

59*5 

114*2 

M/30 

87-8 

137-4 

M/ioo 

860 

112*3 

Water 

85 -9 

114-5 


It will be observed that the level of oxygen uptake is consistently higher in 
the tissue derived from young, as compared with very young, plants, and also 
that the oxygen uptake is depressed in concentrations of phosphate stronger 
than M/30. 

[An examination of the data from which the mean values were derived showed 
that {a) the mean value for oxygen uptake at any concentration of phosphate from 
M to M/30 was significantly different from the means at adjacent concentrations, 
and {b) that the value given by tissue from very young plants at any concentration 
of phosphate was significantly different from the value given by tissue from young 
plants at the same concentration.] 

In the diagram are given progress curves for the oxygen uptake of individual 
samples of about equal weight, one from each experiment of the first series ; it 
will be seen that the depressing action of the stronger solutions of phosphate 
is apparent throughout the period of observation. It will also be observed 
that the rate of oxygen uptsJce is very nearly constant in every case (i.e. the 
‘progress curves* approach very closely to straight lines), and is maintained 
at the same level right to the end of the six-hour period. This constant rate 
of oxygen uptake appears to be characteristic of the stem tissue, as it was 
observed in every sample throughout the experiments. Marked curling of 
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die stem slices was observed to take place in the stronger solutions of phos- 
plate (M to M/io) ; but the slices never became flaccid in the six-hour periodi 
and indeed retained their normal turgidity even after standing for twenty- 
four hours. 


hi 

30 



Very young plant*. Oxygen uptake of individual 
samples of tissue in water and in various concen- 
trations of acid potassium phosphate. 

The first series of experiments was then repeated exactly with plants 
infected with aucuba mosaic virus, and in addition a few experiments were 
performed with tissue from old diseased plants (i.e. plants that had flowered). 

It will be seen that the results agree with those obtained with healthy plants, 
both in the depression of oxygen uptake in the stronger concentrations of 
phosphate, and in the consistently lower level of respiration in tissue from 
plants in the 5th leaf stage, as compared with slightly older plants. 

As might be expected, the tissue from old plants has a still lower level of 
respiration (cf. Kidd, West, and Briggs, 192J). But the low levd of oxygen 
uptake in tissue from very young plants, observed with both healthy and 
diseased plants, is a more unexpected result. 
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That a low respiration rate is not an intrinsic property of young tissue is 
shown by a consideration of the results obtained when samples taken from the 
apex of the stem of a plant in the 6th to I2th leaf stage are compared with 
samples taken farther and farther down the stem. A plant in this stage is 

Table III 

Oxygen Uptake of Slices of Tomato Stem (Diseased Plants) 
Concentration of Mean oxygen uptake (/xl./gm./hr.). 


KH,P 04 . 

Very young 




plants. 

Young plants. Old plants. 

M 

13*9 

— 

14*3 

M /3 

27*2 

557 

35-0 

M/io 

57*7 

102*7 

54-3 

M/30 

78-0 

I2I‘I 

47*8 

M/ioo 

•loO’S 

109*0 


Water 

*88-1 

106*7 

— 


• (2 samples only.) 




Table IV 



Position Gradient of Respiration 




Mean oxygen uptake 

Position on stem. 

No. of samples. 

(/il./gm./hr.). 


Apex . 

5 

163 


and intemode 

6 

148 


Middle part . 

3 

97 


>» 

3 

124 


>1 

3 

1 14 


»> 

3 

104 


Near ground-level . 

3 

98 



still actively growing, and the apex of the stem is composed of more recently 
formed, and therefore younger, tissue than the lower part of the stem. 

The results of one such experiment are given in Table IV ; a single well- 
grown healthy young plant was used, and the oxygen uptake of samples taken 
farther and farther down the stem measured in M/30 KH2PO4. 

In a similar experiment, with a virus plant of the same age, samples of 
tissue from the apex of the stem had a mean oxygen uptake of 169 /xl./gm./hr., 
while the main part of the stem gave mean values of 100-120 fil. So in both 
cases the youngest tissue, taken from the apex of the stem, had a much higher 
respiration rate than the slightly older tissue from the lower part of the 
plant. 

It is therefore unlikely that the low level of oxygen uptake in tissue from 
plants in the 5th leaf stage was caused by the youth per se of the tissue, and 
another cause must be looked for. Among the probable causes is a lack of 
available respiratory substrate; to obtain further information on this point 
the experiments reported below in section 2 of this paper were carried out. 

966.3 I i 
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a. The effwt of added carbohydrates. 

A series of experiments was carried out to test the effect of adding carbo« 
hydrate to tissue from plants of different ages. The carbohydrates used 
were the monosaccharides glucose and fructose; their effect on the oxygen 

Table V 

Addition of Glucose to Tissue from Old Plants 

Glucose Mean oxygen uptake (/il./gm./hr.). Increase 
Type of plant. per cent. Control. Treated. per cent. 

After dowering . 0-5 95 99 5 (^ot sig.) 

»» • 0*5 95 95 . V 

Very old . 0 5 48 5 ^ 15 (not sig.) 


Table VI 


Addition of Carbohydrate— Young Plants {Healthy) 



Concentration 

Mean oxygen uptake (ul./gm./hr.). 

Carbohydrate. 

per cent. 

Control. 

Treated. 

Glucose 

0-2 

•96 

96 

Fructose 

0*2 

— 

98 

Glucose 

0-2 

133 

135 

»» 

1*0 

H 3 

153 

Fructose 

I ‘0 

163 

i6x 

Glucose 

0*5 

103 

105 

(plant 132 hours 
in dark). 


• (2 samples). 


uptake of tomato tissue appeared to be identical (except in one anomalous 
experiment which we were unable to confirm). 

[M/30 acid phosphate was used as the suspension medium, as it had already been 
found to give the maximum oxygen uptake; in each experiment a sugar solution 
of the required strength (0*2, 0*5, or I'O per cent.) was made up in sterile phosphate 
and added to three of the Barcroft bottles, while phosphate alone was added to the 
other three, thus providing a separate control for each experiment. (If glucose and 
fructose were used in the same experiment, they were added to two bottles each, 
leaving two control samples.)] 

In the first set of experiments old plants were used ; only a limited amount 
of material, and that all from virus plants, was available. The results, given in 
Table V, indicate that a negligible increase of oxygen uptake was obtained on 
the addition of glucose, although the uptake of the control samples was small. 

When ‘young* plants (in the 6th-i2th leaf stage) were used, the level of 
oxygen uptake in the controls was rather higher ; but in this case also there was 
not a significant increase in oxygen uptake on the addition of carbohydrate. 
Some typical results are given in Table VI, which includes two experiments 
with a 1 per cent, concentration of sugar, and one where the plant was kept 
in the dark before the experiment. 

When tissue from very young plants (5th leaf stage) was used, on the other 
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hand» a very marked increase in oxygen uptake was produced in every case 
by the addition of carbohydrate. The results of some experiments with 
healthy 5th leaf-stage plants are given in Table VII. In the later experiments 
of this set the plant was kept in the dark for some time before the experiment ; 


Table VII 

Very Young Healthy Plants — Addition of Carbohydrate 


Oxygen uptake 


[ours in 


Concentration 

(Ml.7gm./hr.). 

Increase 

dark. Carbohydrate. 

per cent. 

Control. 

Treated. 

per cent. 

0 1 

f Glucose 

0*2 

•84 

107 

27 


[ Fructose 

0*2 


107 

27 

0 

Glucose 

0*2 

60 

105 

75 

0 

Glucose 

0*2 

68 

124 

82 

T A 1 

( Glucose 

0-2 

•46 

65 

46 

iU 

[ Fructose 

0*2 


67 

50 

.to i 

( Glucose 

0*5 

•47 

79 

58 

40 j 

[ Fructose 

0-s 


76 

59 

48 

Glucose 

0-5 

46 

88 

91 

U i 

( Glucose 

0*5 

•37 

84 

127 

04 

1 Fructose 

0-5 

— 

67 

80 

72 

Glucose 

0*5 

41 

59 

44 



• (2 samples). 






Table VIII 





Very Young Diseased Plants — Addition of Glucose 


Hours in 

Concentration Oxygen uptake (ul./gm./hr.). 

Increase 

dark. 

per cent. 

Control. 

Treated. 

per cent. 

16 

0’5 

19 

51 


170 

96 

0-5 

34 

83 


144 

200 

0'5 

24 

46 


100 


this treatment reduced the oxygen uptake of the controls, and augmented 
slightly the effect of added carbohydrate. The increase in oxygen uptake 
is expressed as a percentage of the control uptake; i.e. by the expression 

(b a) 100^ a is the mean oxygen uptake of the control, and b of the 
a 

treated, tissue. 

Owing to a shortage of material only a few experiments could be performed 
on diseased 5th leaf-stage plants; the results are given in Table VIII. 

These three experiments, as far as they go, show that the oxygen uptake 
of the control tissue is reduced to a greater extent in diseased than in healthy 
plants, by keeping the plant in the dark before the experiment, and that the 
addition of glucose produces a proportionately greater rise in oxygen uptake. 


Respiratory quotient. 

Some measurements of the respiratory quotient were performed on tissue 
from healthy young plants. The technique used was that described by Dixon 
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{1934}, in whidi die measurements of oxygen uptake, carbon-ditodde ou^t, 
and bound carbon dioxide are performed on three different samples; the 
estimate of the respiratory quotient is therefore only approximate. 

Table IX 

Respiratory Quotmt 

Oxygen uptake 
Expt. no, (/ii./gm./hr.). 

1 137 

2 184 

3 158 

4 158 

5 144 

None of the figures obtained for the respiratory 
difiPerent from unity. 


R.Q. 

(C0,/0|). 

0*94 

1*02 
1*03 
1*02 
I *01 

quotient was significantly 


Discussion 

The method employed in this work appears to give, with a very small 
amount of material, an adequate measurement of the respiration of plant 
tissue. That the measurements of oxygen uptake recorded were in fact due 
to normal aerobic respiration is indicated by the following observations: 

(а) the slices of stem tissue were invariably found to take up oxygen at a con- 
stant rate which was maintained over the whole period of an experiment; 

(б) the estimates obtained of the respiratory quotient approached closely to 
unity; (c) the tissue slices used showed no sign of flaccidity after standing for 
twenty-four hours. 

The ^ect of phosphate. 

As the oxygen uptake of slices suspended in distilled water was only 
slightly less than that of slices suspended in M/30 phosphate, it is evident that 
there was no question of phosphate starvation in the tissue used. M/30 
phosphate was probably effective in producing the largest oxygen uptake 
observed because it approached most nearly, in acidity and tonicity, to the 
cell-sap of all the solutions used. It certainly caused less curling of the tissue 
slices than the other solutions. The marked depression of respiration observed 
in the presence of M/io or stronger concentrations of phosphate is probably 
due to their being hypertonic to the cell-sap; it is interesting to compare with 
our results those of van Heyningen (1935) on the oxygen uptake of a variety 
of animal tissues. Van Heyningen criticizes the work of Dixon and Elliott 
(1929) on the ground that they used a buffer solution containing M/xo phos- 
phate in their experiments, and that this concentration was too strong; the 
medium that he used contained M/40 phosphate, and in this medium he 
obtained consistently higher values of oxygen uptake than those recorded 
by Dixon and Elliott for the same animal material. 
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The effect of age on oxygen uptake. 

In any study on the eiFect of age on the respiration of isolated parts of a 
plant it is important to distinguish between the age of the plant from which 
the part has been removed and the stage of development reached by that 
particular part. That a failure to make this distinction may lead to miscon- 
ceptions of the effect of age on physiological processes has been shown by 
Richards, who points out (1934) the fallacies underlying the method of 
estimating the effect of age on, e.g. respiration, by performing measurements 
on successive leaves taken from the same plant, and states that corresponding 
leaves from plants of different ages must be used in such an estimation, for, 
unless this is done *it is impossible to separate effects which may be possibly 
ascribed to age as such from those due to change in conditions of nutrition, 
etc.* This point is emphasized in the work reported in this paper ; for instance, 
the extreme top of a plant in the 6th to 12th leaf stage may be regarded as 
young tissue in one sense, as it is the last formed part of the plant; but we 
have shown that it has a very much higher rate of respiration than tissue 
removed from a very young plant. The tissues at the top of a mature plant 
are not physiologically equivdent to those of a very young plant. 

In a well-grown young plant there must be an ample supply, throughout 
the plant, of respirable material formed by photosynthesis, and under these 
circumstances very young tissue exhibits a higher rate of oxygen uptake than 
older tissue. It is therefore probable that the low rate of oxygen uptake ex- 
hibited by tissue from very young plants is caused by a lack of available 
substrate, most of the respirable material having been used up in tissue for- 
mation, and not by a lack of activity in the respiratory enzyme system. 

This suggestion is confirmed by the results obtained on the addition of 
sugar to the respiratory tissue. In young plants, where both an efficient 
respiratory system and an ample supply of respiratory substrate are present, 
the oxygen uptake of untreated tissue is high and is not raised by the addition 
of carbohydrate. In both very young and very old plants the oxygen uptake 
of untreated tissue is low, but from different causes. In old plants the uptake 
is only very slightly raised by added carbohydrate, and the low respiration 
rate is presumably due to a decline in the activity of the respiratory system. 
In very young plants the respiratory system is highly active, but there is a 
lack of available substrate, and accordingly the addition of glucose or fructose 
produces a very marked rise in oxygen uptake. 

The results obtained with added carbohydrate also indicate the one point 
of difference between healthy- and virus-diseased tissue that was observed in 
these experiments. It appears that respiratory substrate is lost to a greater 
extent from virus plants when they are kept in the dark than from healthy 
plants. Glucose, added to the tissue from starved virus plants, produced a 
greater proportional increase of respiration than in the corresponding normal 
tissue. The incompleteness of these results prevents any very definite con- 
clusion being drawn from them, but they partly confirm a suggestion made 
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by Caldwell (1934) that the enzymes concerned in the pteliminaty stages of 
respiration were more active in virus-diseased than in healthy plants. Hie 
preliminary experiments, with extracted and with purified juice from virus 
plants, gave no indication that the virus agent itself had any oxygen uptake. 
Tliis confirmed the view that the increase in the respiration rate of the tissues 
of diseased plants was not associated with the respiration of the virus agent 
itself. 


Summary 

1. The oxygen uptake of thin slices of tomato stem tissue was measured 
in Barcroft respirometers, and found to be maintained at a constant rate over 
a six-hour period. 

2. The highest values for oxygen uptake were observed in presence of 
M/30 potassium dihydrogen phosphate; measurements in distilled water 
pve slightly lower values, and stronger solutions of phosphate produced a 
maihed depression of oxygen uptake. 

3. Tissue from very young plants, in the 5th leaf stage, showed a lower 
level of oxygen uptake than tissue from slightly older plants, up to the 12th 
leaf stage. A low level of oxygen uptake was also observed in tissue from old 
plants that had flowered. 

4. The small oxygen uptake of tissue from very young plants was markedly 
raised by the addition of glucose or fructose, but no such rise was observed 
on adding sugar to tissue from very old plants. 

5. It is concluded that the oxygen uptake is limited in old plants by the 
activity of the respiratory enzyme system, and in very young plants by the 
amount of available respiratory substrate. 
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Observatioiis on the Oxygen Uptake of Isolated 
Plant Tissue 

II. The Effect of Inhibitors 

BY 

JOHN CALDWELL 
AND 

JANE MEIKLEJOHN 

(Departmenti of Plant Pathology and General Micrtdnidogy, Rothamted Experimental Station, 

Harpenden) 

With three Figures in the Text. 

Introduction 

D uring an attempt to study the possible effects of aucuba mosaic virus 
upon the respiratory activity of infected plants a number of observations 
were made on the oxygen uptake of excised tissue from the stem of the tomato 
{Lycopersicum esculentum). Some of these observations have been reported 
in a previous paper (Caldwell and Meiklejohn, 1937), which deals with the 
effect of phosphate and of added carbohydrate. In the present paper are 
described a further series of experiments, in which substances known or 
thought to inhibit enzyme action were added to the tomato tissue. 

Methods 

The methods and material used have been described in detail in the earlier 
paper. The stem tissue was cut into slices 0*5 mm. thick, which were sus- 
pended in 3 ml. of M/30 acid potassium phosphate (KH2PO4), and their 
oxygen uptake at 26° C. was measured by means of Barcroft differential 
manometers over a six-hour period. The method, previoi’sly described, of 
providing a separate control for each experiment, was followed throughout; 
the inhibitor was added to three of each set of six Barcroft bottles after weigh- 
ing, and just before they were attached to the manometers. These bottles 
contained either 2*9 or 27 ml. of phosphate solution, and either o-i or 0-3 ml. 
of a solution of the poison of appropriate strength was added to bring the 
volume up to 3 ml. (e.g. to obtain a concentration of M/300 KCN in the bottles, 
0*1 ml. of an M/io solution of potassium cyanide was added to 2*9 ml. ot 
phosphate solution). The amount of poison added is expressed throughout 
in terms of the concentration in the bottles at the beginning of the experiment. 

[Anaida of BoUnjr, N.S., VoL I, No. 3, Jaly 1937.] 
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The amount of oxygen taken up is expressed as /aL of gas (dry at N.T J.) par hour 
per gramme fresh weight of tissue, and each figure given in the tables is Ihe mean 
of three parallel samples. The degree of inhibition of oxygen uptake, where this 
occurred, is expressed as a percentage of the uptake of the control, i.c. by the 

expression ^ ^ loo, where a is the mean oxygen uptake of the control, and b of 
a 

the treated material. The reality of the observed differences between the control and 
the treated material was tested by calculating the standard errors of these mean 
values (Fisher, 1934). As was stated in the previous paper, the variation of the in- 
dividual readings with this material is such that differences of the order of 10 per 
cent, of the control cannot be detected. In a few cases small differences between 
the mean values for control and treated material have been found not to be signifi- 
cant, and are marked accordingly in the tables. The differences not so marked have 
been tested and found to be highly significant. 


, V ^ Results 

(a) Cyanide. 

The addition of potassium cyanide to the phosphate solution in which the 
stem slices were placed produced a very marked inhibition of oxygen uptake. 
As will be seen by reference to Table I, an inhibition amounting to 85 per 


Table I 


Effect of Cyanide on the Oxygen Uptake of Tomato Tissue 


Concentration 
of cyanide. 

Solution in. 

Type of plant. 

Oxygen uptake 
(^l./gm./hr.). 
Control. Treated. 

Inhibi- 

tion 

per cent. 

M/30 

M/30 KH2PO4 

Healthy young 

127 

19 

85 

M/300 

II 

II 

97 

21 

79 

tf 

II 

II 

124 

20 

84 

»i 

II 

Virus young 

77 

IS 

80 

ft 

Water 

Healthy young 

98 

14 

8S 

ft 

M/30 K2HPO4 

II 

85 

12 

85 

M/3,000 

M/30 KH2PO4 

II 

114 

46 

61 

M/30,000 

II 

„ 

104 

97 

5 (not sig.) 

)) 

M/30 K,HP04 

II 

76 

85 

0 

f) 

II 

II 

74 

72 

0 


cent, of the uptake of untreated material was produced by M/300 cyanide; 
on raising the concentration of cyanide to M/30 no further inhibition was 
produced, so that the cyanide-stable part of the respiratory system accounts 
for about 15 per cent, of the total oxygen uptake. These figures are very 
similar to those obtained by van Heyningen (1935) with animal tissue, both 
in the amount of cyanide required for maximal inhibition, and in the degree 
of inhibition (80-90 per cent, for most animal organs) produced. 

It will be seen that the inhibition produced by M/300 cyanide is of the same 
order with virus material as with healthy, and is the same in water or alkaline 
phosphate as in the acid phosphate solution used as a standard. The dis- 
advantage of using an acid solution for these experiments, however, is that 
there is a loss of cyanide from the solution during the experiment, which 
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affects the results with low concentrations of cyanide. (A method for avoiding 
this loss has been described by Krebs (1935), but it was not employed in our ex- 


periments.) This point is brought 
out in Fig. i, which represents 
measurements of total oxygen up- 
take during the course of an ex- 
periment, from single samples of 
tissue of approximately equal 
weights. It will be noticed that 
in presence of M/3,000 cyanide, 
the oxygen uptake increased dur- 
ing the experiment; the effect of 
the cyanide wore off, as more and 
more of it was lost from the solu- ^ 
tion. In the case of M/30,000 ^ 
cyanide there was an initial inhi- 
bition only; but with M/300 or 
M/30 there was so much cyanide 
present that the loss by evapora- 
tion was not noticeable. 

This diagram also illustrates the £ 
fact, to which reference has previ- ^ 
ously been made, that the oxygen 
uptake of the control tissue was con- 
stant throughout the period of the 
experiment (i.e. successive readings 
give a straight line when plotted as 
a graph) ; this has been found to hold 
for untreated material throughout 
these experiments. 

The action of cyanide in lower- 
ing the oxygen uptake is at least 
partly reversible, i.e. the effect 



disappears on the removal of the 0 2 4 6 8 


cyanide, as is shown by an ex- Hours 

periment carried out with tobacco Fig. i . Oxygen uptake of single samples of tissue 
Stem tissue (no tomato tissue being in the presence of KCN . 

available). In this experiment the average oxygen uptake of three control 
samples (in M/30 KH2PO4) was 76 /d./gm./hr. The three treated samples 
were allowed to respire for one hour in an M/300 solution of cyanide in M/30 
phosphate, when their average oxygen uptake was 8 ftl./gm./hr., giving an 
inhibition of 89 per cent. The treated samples were then removed, washed 
in two changes of sterile phosphate solution, and placed in fresh bottles with 
3 ml, of phosphate solution in each. Their average oxygen uptake, measured 
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aver four and a half hourai was then 33 or four times die uptake in 

presence of cyanide, a recovery of nearly half the original rate. Total recovery 
vm not observed, probably because the washing process removed some of tte 
soluble carbohydrate in addition to the cyanide, and because the washing 
process was not absolutely complete. 

As very weak concentrations of cyanide have been shown to have a stimulat- 
ing effect on the respiration of some plant tissues (Hanes and Barker, 1930), and 

Table II 


Respiratory Quotients in Presence and Absence of Cyanide 


Type of 
plant. 

Treatment. 

Oxygen uptake 
(jLtl./gm./hr.). 

R.Q. 

(C 0 ,)/ 0 ,. 

Healthy young 

4- M/30,000 KCN 

114 

1*02 

>} 

Control 

158 

1*02 


+ M/30,000 KCN 

139 

1*02 


Control 

144 

1*01 


as we had observed no stimulation of oxygen uptake due to cyanide in our 
experiments, it was thought desirable to measure the respiratory quotient of 
tomato tissue in the presence of very weak cyanide, to ascertain whether there 
was any stimulation of carbon-dioxide output. The method described by 
Dixon (1934) was used, in which the oxygen uptake is measured in one 
apparatus and the carbon-dioxide output measured in another, while a third 
is used for the measurement of retained carbon dioxide. As Dixon pointed 
out, this direct method is not adapted to accurate measurement of the 
respiratory quotient, as the oxygen and carbon-dioxide estimations have to 
be performed on different samples. The values obtained for the respiratory 
quotient (given in Table II) must, therefore, be regarded as approximate 
only, more especially as the figures given for oxygen uptake are taken from 
single samples, no duplicates being possible. 

These results, though approximate, show no perceptible alteration of the 
respiratory quotient in presence of weak cyanide ; if any stimulation in carbon- 
dioxide output took place under such conditions, it must have been exceed- 
ingly small. 

Two experiments were performed to test the effect of cyanide on oxygen 
uptake in the presence of added glucose; for this purpose tissue from very 
young plants was employed, as it was known to respond to the addition of 
glucose (Caldwell and Meiklejohn, 1937). 

In both cases, although the respiration in absence of cyanide was raised on 
the addition of glucose, the residual respiration in presence of cyanide was 
the same with or without glucose. These results agree with those obtained 
by Genevois (1929). 

(b) Sodium fluoride. 

Sodium fluoride produced a marked inhibition of the oxygen uptake, but 
only in relatively high concentrations, the maximal effect being observ^ in 
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the presence of M/30 fluoride; the effect in water was the same as in phosphate 
sdution. This inhibition is not reversible; tissue subjected to treatment with 
M/300 fluoride for an hour showed no recovery of oxygen uptake after 
washing. The results are given in Table IV. 

Table III 


Effect of Cyanide in Presence of Glucose {Very Young Plants) 


Type of 

Treatment 

Oxygen uptake 
(wl./gm./hr.). 

Change in uptake 


KCN 

(per cent, of 

plant. 

(in M/30 KH,P04). 

No KCN. 

present. 

control). 

Healthy 

Control 
+M/7S KCN 

41 

13 

-68 


0*5 per cent. Glucose 

59 


+44 


+M/75 KCN 


II 

-80 

Virus 

Control 

4-M/150 KCN 

34 

IS 

-S6 

>» 

0*5 per cent. Glucose 

83 


+ 144 


+M/75KCN 


14 

-82 


Table IV 

Effect of Sodium Fluoride on the Oxygen Uptake {Healthy Young Plants) 


Concentration 

ofNaF. 

Solution in. 

Oxygen uptake (/il./gm./hr.). 
Control. Treated. 

Inhibition 
per cent. 

M/30 

M/30 KH,P04 

99 

8 

92 

f» 

Water 

122 

II 

91 

M/300 

M/30 KH4PO4 

130 

32 

75 

M/3,000 


101 

92 

9 

M/300 

»» 

(no recovery) 

106 

44 

(before washing) 
37 

(after washing) 



The course of respiration of individual samples of tissue in presence of 
different concentrations of fluoride is shown in Fig. 2. There was no diminu- 
tion in effect due to loss of inhibitor during the experiment in this case; on 
the contrary, an increase in inhibition as the experiment proceeds may be 
seen in the curve for M/300 fluoride. 

(c) lodoacetic acid. 

lodoacetic acid strongly inhibited the oxygen uptake of tomato tissue at 
very weak concentrations. 

The inhibition caused by lodoacetic acid is not constant throughout the 
period of observation; in Fig. 3 are given the actual readings from control 
and treated tissue samples of approximately equal weight, which show that 
the inhibition increases with time. This is particularly noticeable in the curve 
for M/10,000 iodoacetic acid. Apparently this particular inhibitor penetrates 
into the tissue far more slowly than, for instance, cyanide. This inhibition 
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is not reversiUe; the results obtained by allowing the tiuue to tenure for 
one hour in presence of iodoacetate, washing it with sterile phosphate, and 
measuring the oxygen uptake in fresh phosphate, are given in Table VI, 



Fig. 2. Oxygen uptake of single samples of Fio. 3. Oxygen uptake of stn^e samples 
tissue in the presence of sodium fluoride. of tissue in the presence of iodoacetic add. 


(The first experiment was done with tobacco stem tissue, owing to a shortage 
of tomato plants.) No recovery was observed after washing, even at M/io,ooo 
iodoacetate ; in fact, washing appears to reduce the oxygen uptake still further. 
This may be because the inhibition increases with time. 

As, in some animal tissues, the oxygen uptake in presence of iodoacetate can 
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be restored to its original value by the addition of lactate (Needham, 1932), 
it was thought of interest to examine the effect of iodoacetic acid on tomato 
stem tissue in presence of lactic add. Two preliminary experiments with 

Table V 


The Effect of Iodoacetic Acid on the Oxygen Uptake of Tomato Tissue 


Concentration 


Oxygen uptake (ul./gm./hr.). 

Inhibition 

of iodoacetate. 

Type of plant. 

Control. 

Treated. 

per cent. 

M/300 

Old healthy 

83 

8 

91 

M/3,000 

»» 

54 

12 

77 

M 

Young healthy 

132 

30 

77 

»» 

>» 

109 

33 

70 

M/10,000 


141 

SI 

64 

M/30,000 

Old healthy 

46 

31 

32 

M/300 

Young virus 

103 

2 

98 



140 

8 

94 

M/3,000 

>> 

109 

19 

82 

M/30,000 

Old virus 

60 

Table VI 

S 3 

(12) (not sig.) 


Effect of Washing Tissue treated with lodoacetate {Healthy Plants) 


Concentration 
of iodoacetic 
acid. 

Type of plant. 

Oxygen uptake (/xl./gm./hr.). 
Control. Treated. 

(before washing). 

Treated, 
(after washing). 

M/300 

Old tobacco 

92 

30 

11 

M/3,000 

Young tomato 

122 

SI 

24 

»> 


141 

26 

18 

M/ 1 0,000 


141 

98 

72 


Table VII 

Lactic Acid and Iodoacetic Add {Young Healthy Plants) 


Concentration of 
iodoacetic acid. 

pH. 

Concentration of 
lactic acid. 

Oxygen uptake (/il./gm./hr.). 
Without With 

lactic acid. lactic acid. 

0 

46 

0*1 per cent. 

67 

77 

0 

4*6 

0*5 ff 

40 

10 

M/3,000 

3-0 

0*5 

38 

0 

ft 

4-8 

0-5 

28 

17 

ff 

7*2 

0*5 

•56 

•60 

0 

7-2 

0*5 ff 

♦ 2 samples. 

•73 



lactate alone in acid phosphate solution showed that it was only utilized to a 
limited extent as a respiratory substrate (first two lines of Table VII). When 
lactic add was added to the phosphate solution (M/30 KH2PO4) without 
neutralization, the resulting solution had a pH value of 3*0, and this, in con- 
junction with iodoacetic acid, completely killed the tissue, making it flaccid, 
and stopping all uptake of oxygen. Another experiment was therefore per- 
formed in which the lactic acid in the add phosphate solution was neutralized 
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to pH 4*8; and a third ejqjeriment was performed in a neutral buffer 8(dtttion 
(e<^ parts of M/30 Kli^,PO« and M/30 K,HPO|, pH 7*2). 

In add solution the lacdc add depressed still further the lowered oxygen 
uptake produced by iodoacetic add; even in neutral solution, iodoacetate 
and lactate tc^ether do not give so great an uptake as that recorded in the 
absence of both. 

(d) Sodium azide. 

Sodium azide (NaN,) is known to have a pronoun.^ inhibiting ^on on 
catalase (Keilin and Hartrce, 1934). In these expenments it was found to 
inhibit oxygen uptake to a marked degree in the standard acid phosphate 

Table VIII 


Effect of Sodium Azide on the Oxygen Uptake of Healthy Tissue 


Concentration 
of azide. 

Solution in. 

Type of 
plant. 

Oxygen uptake 
(/il./gm./hr.). 
Control. Treated. 

Inhibition, 
per cent. 

M/300 

Acid phosphate 

Old tomato 

70 

4 

94 

M/3,000 

>1 

Old tobacco 

8S 

6 

9 * 


It 

Young tomato 

170 

24 

86 

M/30,000 

II 

Old tobacco 

85 

49 

42 

M/300,000 

i» 

II 

84 

8x 

0 

M/300 

Alkaline phos- 

Young tomato 

144 

55 

6x 

M/30,000 

phate 

11 

II 

125 

114 

(9) (notsig.) 


solution; under these conditions the maximal inhibition was attained already 
at a concentration of M/3,000, and M/30,000 azide gave a considerable 
inhibition. In alkaline solution (M/30 K2HPO4), on the other hand, the effect 
was much reduced, M/300 azide giving 60 per cent, inhibition only instead 
of over 90 per cent, as in acid solution. The results are given in Table VIII ; 
as before, some of the experiments were performed on tobacco plants. 

The action of sodium azide was reversible; tobacco stem tissue treated with 
M/3,000 sodium azide for an hour, then washed and allowed to respire in 
fresh phosphate, showed a recovery of 35 per cent. When M/300 a2ddc was 
used, no recovery on washing was observed ; but as very dilute azide gives a 
considerable inhibition, M/300 is probably too strong a solution to be ade* 
quately removed by washing. 

(e) Malachite green. 

Malachite green is typical of the basic dyestuffs, which are known to be 
powerful inhibitors of the dehydrogenases (Quastel and Wheatley, 1931). 
When applied to tobacco stem tissue it was found to have a powerful inhibiting 
action on the oxygen uptake at extraordinarily low concentrations. It was the 
only substance used which gave a considerable inhibition at a concentration 
as low as 1/300,000 (about M/ioo,ooo). 
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(f) Narcotics. 

The narcotics urethane and phenyl urethane are known to inhibit dehydro- 
genase systems, but only in relatively strong concentrations (Warburg, 1930; 
Sen, 1931). With tobacco tissue quite strong solutions gave only partial 

Table IX 

Effect of Waslw^ Tissue treated toith Sodium Azide {Healthy Plants) 


Concentration of 
azide (in M/30 


Oxygen uptake (/il./gm./hr.). 
Control. Treated Treated 

KH,P04). 

Type of plant. 


(unwashed). 

(after washing). 

M/300 

Old tomato 

33 

0 

4 

»» 

Young tobacco 

130 

3 

4 

M/3,000 

Old tobacco 

93 

10 

33 


Table X 

Effect of Malachite Green on the Oxygen Uptake of Tobacco Tissue 


Concentration of 
malachite green. 

Type of plant. 

Oxygen uptake (jitl./gm./hr.). 
Control. Treated. 

Inhibition 
per cent. 

1/3,000 

Young healthy 

109 

23 

79 

1/30,000 

)> 

104 

39 

61 

1/300,000 

»} 

1 14 

54 

44 

1/3,000,000 

»» 

111 

105 

f5)(not8ig.) 


Table XI 

Effect of Urethanes on the Oxygen Uptake of Tobacco Tissue {Healthy) 


Substance. 

Concentration. 

Oxygen uptake (/il./gm./hr.). 
Control. Treated. 

Inhibition 
per cent. 

Urethane 

M/3 

85 

30 

64 

>» 

M/30 

79 

71 

(10) (not sig.) 

Phenyl \ 

saturated 

93 

22 

76 

Uret^e / 

M/300 

no 

75 

31 


inhibition of oxygen uptake; in fact with phenyl urethane the insolubility 
of the substance made it dilEcult to get a solution strong enough to show any 
pronounced action, and a saturated solution with some undissolved solid still 
present was added to the stem slices. 

(g) Amyl alcohol. 

The vapour of amyl alcohol has been found to have a stimulating effect on 
the carbon-dioxide output of apples (Caldwell, 1931). When added to the 
solution in the Barcroft manometer vessel, a strong solution of iso-amyl 
alcohol (1/30) had a very strongly inhibiting effect on oxygen uptake; the 
control samples of tomato stem tissue had an average oxygen uptake of 126 
/d./gm./hr. ;inpre8enceof 1/30 iso-amyl alcohol this was reduced to 5fil./gm./hr., 
an inhibition of 96 per cent. A much weaker solution (1/3,000) had no effect, 
neither stimulating nor inhibiting; the average oxygen uptake of both control 
and treated material was 97 /xl./gm./hr. 
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Discussion 

The substances applied to the tomato tissue in these experiments were all 
known to be poisons with an inhibiting effect on one or more enzyme systems. 
They were all found to affect the oxygen uptake of the tissue in substantially 
the same way; they gave an inhibition increasing with their concentration 
(in some cases to a limiting value, e.g. cyanide), and if the concentration was 
reduced below the point where inhibition occurred, no effect was produced. 
Now it is well known (see e.g. Irving, 1911, Hanes and Barker, 1930) that 
poisons applied to green plant material as vapour in the air respired have an 
inhibiting effect upon respiration at high concentrations, but a stimulating 
effect in very small doses. With the very different technique employed in 
our experiments, where the poisons were applied in solution to cut material, 
no stimulation of oxygen uptake was observed to result from the application 
of smaller doses than those which produced inhibition. This point is further 
illustrated by the case of amyl alcohol, which stimulates the carbon^dioxide 
output of apples when applied as vapour (Caldwell, 1931), but in solution 
was found to have no effect on oxygen uptake at a low concentration and to 
inhibit it almost completely at a high concentration. 

The effects observed on the addition of individual poisons to tomato 
stem slices show a very close resemblance, both in kind and in degree, to 
results obtained by other workers with animal tissues and bacteria. 

The results which we have obtained with cyanide are very strikingly 
similar to those recorded by Dixon and Elliot (1929) and van Heyningen 
(1935) on the action of cyanide on the oxygen uptake of slices of various animal 
tissues. Asinanimal tissue slices, about 85 per cent, of the total oxygen uptake 
is accounted for in plant tissue slices by a system (the 'atmungsferment* of 
Warburg) which is reversibly poisoned by cyanide. The results obtained on 
the addition of cyanide in presence of added glucose agree with those of 
Genevois (1929), and naight be regarded as confirming the conclusion he 
draws from them — ^that the oxidation of carbohydrate is effected only by that 
part of the respiratory system which is sensitive to cyanide. It is possible, 
however, that the small fraction of the respiratory enzyme system which is 
resistant to cyanide is also concerned with the oxidation of glucose, but is 
saturated by a very minute quantity which would presumably be present even 
in conditions of extreme starvation, and the addition of more glucose would 
have no effect on the oxygen uptake. 

The analogy between the respiratory systems of animal and plant tissue 
must not be pushed too far; the results obtained on the addition of fluoride 
and iodoacetic acid to tomato tissue illustrate this point. Both these reagents 
inhibit to a marked degree the oxygen uptake of plant as well as of animut 
tissue. But in animal tissue they produce Aeir effect by interrupting a process 
— ^the conversion of glucose to lactic acid — ^which probably does not 
place in plant tissue (see Genevois, 1929). This conclusion is supported by 
the observation that the inhibition of oxygen uptake produced in tomato 
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tissue by iodoacctatc was not removed by the addition of lactate, which re- 
moves the inhibition observed with chicken embryos in presence of iodoacetic 
acid (Needham, 1932). It is of interest to note that the slowness of penetration 
into tissues exhibited by iodoacetic acid in Needham’s experiments was 
observed by us at certain concentrations, see the curve for M/io,ooo iodo- 
acetic acid in Fig. 3. 

The marked inhibition of oxygen uptake in tomato tissue produced by 
sodium azide, which has been shown by Keilin and Hartree (1934 ^93^) 

to act as a specific inhibitor of catalase, may indicate that catalase is an essen- 
tial part of the respiratory system in plants (see Stiles and Leach, 1932). 
The fact that azide has a more powerful inhibiting action in acid solutions 
(Keilin and Hartree, 1936) has also been observed in our experiments. 

The results obtained with malachite green and with urethanes are very 
similar to those formerly recorded (Quastel and Wheatley, 1931 ; Sen, 1931) 
with animal tissues and with bacteria. 

Taken together, the effects of poisons recorded in this paper show the very 
great similarity that must exist between the cellular respiration of green 
plants and that of animals, and also of colourless plants such as yeast. 

Summary 

Substances known to inhibit enzyme action were added to slices of tomato 
stem tissue, and their effect on the oxygen uptake of the tissue was measured. 
All the substances showed an inhibiting action which increased with their 
concentration. Concentrations lower than those which inhibited oxygen 
uptake were found to have no stimulating effect. 

Cyanide (M/300) produced a reversible inhibition of about 85 per cent, of 
the total oxygen uptake ; no greater inhibition was produced by M/30 cyanide 
than by M/300. 

Sodium fluoride and iodoacetic acid had an irreversible inhibiting action, 
and sodium azide a reversible one stronger in acid than in alkaline solution. 

Malachite green was effective in very small doses, but the urethanes only 
in high ones. 

Amyl alcohol was ineffective at 1/3,000, but produced almost complete 
inhibition at 1/30. 
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Investigations performed during the last ten years (mainly at Valios 
Laboratorium, Finland, and at Rothamsted Experimental Station) have 
established that benefits are in some cases derivable by a non-legume 
growing alongside an inoculated legume in sand culture. These benefits 
are expressed by a gain of nitrogen and better growth of the non-legume, 
compared with the same species of non-legume grown without nitrogen 
either in single culture or in the presence of an uninoculated leguminous 
species. The effect of an inoculated companion legume on a non-legume 
may thus be similar to that obtainable by the application of nitrogenous 
manure to a non-legume in single culture ; it appears that the leguminous 
component of a mixed crop can sometimes confer part of its nitrogen on 
the non-legume. This effect has not been demonstrated in the field, but 
certain Rothamsted experiments (5) have shown that there was no sig- 
nificant gain in total nitrogen in a mixed crop when nitrogenous manures 
were applied. 

LipmanC-) suggested as long ago as 1910 that legumes may vary in 
their ability to act as donors of nitrogen to companion non-legumes. The 
converse suggestion, that non-legumes may vary in their ability to utilize 
the nitrogen made available by companion leguminous plants, has been 
made by Nicol(3). Nilsson -Leissner(i) has shown that there are both 
varietal and specific differences in the ability of some grasses to utilize 
inorganic nitrogenous manures, and that these differences themselves 
vary according as to whether the grass is grown in presence or absence of 
clovers in the field. 

The author has had the idea that just as legumes may vary in the 
ability to act as “donors” of their syrabiotically fixed nitrogen, so some 
non-legumes may be better “ acceptors ” than others of such symbiotically 
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fixed nitrogen as is not taken up by the leguminous plants. The 
following paper contains two sets of experimental results obtained in an 
attempt to examine the influence of four species of nodule-bearing legu- 
minous plants upon English rye-grass and barley in sand culture. The 
first experiment was performed at PuJawy in 1935, the second at Itotham- 
sted in 1936. 

I. Experiment at PufcAWY in 1935 

The experiment was carried out in pots containing 30 kg. of drift sand, 
in an unheated greenhouse. The sand had been washed four times in tap 
water, and twice in distilled water, before potting. The pots were divided 
into five series, each containing five replicates. The following nutrient 
salts were added in one dose to each pot before sowing: 

K2HPO4 4*4 g. per pot 

KH2PO4 0-3 „ 

MgS04.7H20 0-3 „ 

KCl 0*3 

FeCIa anhydride 0*075 „ 

The pH of the sand during the vegetation season was about 6*5. The seeds 
of the leguminous plants were inoculated with an effective strain of the 
specific nodule bacteria. The pots were watered with distilled water to a 
constant weight (60 per cent of the full water capacity of sand). 

The scheme of the experiment is given in Table 1. 


Table I 


Series 



Plants 

A 

20 

plants 

of English rye^grass 

B 

10 

plants 

of English rye-grass 

BC 

10 

plants 

of serradella ami 10 plants of rye-grass 

BD 

10 

plants 

ot red clover and 10 plants of rye-grass 

BE 

10 

plants 

of peas and 10 plants of rye-grass 


Sowing was done on 1 July, and after 13 weeks’ growth all plants were 
harvested on 30 September. At that time, serradella and clover were still 
in flower with some pods formed, and the peas were nearly ripe. The pots 
were left unwatered for several days before harvest, till the sand became 
dry, the plants were then lifted out of the sand, gently shaken and washed 
free from sand ; the bulk of the sand was passed through a sieve to remove 
fragments of root. 

Length of roots, air-dry weight and nitrogen content of plants and 
nitrogen content of sand were ascertained (unfortunately the sand was 
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not analysed before use), the results being summarized in Tables II 
and III. 


Table 11 . Average air-dry weight of rye-grass, g. per pot 


Series 

A. Rye-grass (20 plants) 

B. Rye-grass (10 plants) 

BC. Rye-grass (10 plants) 
4- serradella 

BD. Rye-grass (10 plants) 
-I- clover 

BE. Rye-grass (10 plants) 
-f-peas 


Total plant 

K 

Shoot 



Overall 
length of 
roots 
cm. 

( 

g- 

a8% 

ofB 

t 

g- 

of B 

Root 

g- 

1-25 4:001 

— 

061 ±006 

— 

0-64 

20 

1-02 ±012 

100 

0*64 ±006 

100 

0-48 

19 

1-92 ±0-27 

188 

108±015 

2(X) 

0-84 

22 

214 ±012 

220 

117 ±006 

217 

097 

29 

3*29 ±0*35 

322 

172 ±016 

331 

1-57 

24 


Table III. Total a'fid percentage nitrogen in dry ymtter of rye-grass 


per pot 


Series 

Nitrogen 

O'' 

/O 

Nitrogen 

Nitrogen as 
|X‘reentage of 

mg. 

nitrogen in B 

B. liye-grasH (10 plants) 

0-78 

7-96 

m 

B(\ Ryp-gJ’ass (10 jilants) 4- serradella 

0-92 

17-66 

222 

HI). Rye-grass (10 plants) 4- elover 

14)5 

22-47 

282 

BE. Rye-grass (10 plants) 4 peas 

M7 

.38-49 

483 


It is evident that the leguminous plants grown with rye-grass had a 
significant effect upon the total yield and nitrogen yield in rye-grass. The 
best companion of rye-grass seems to be the pea (PI. VII, fig. 1). In this 
series of pots (BE) the yield of rye-grass was three times, and the nitrogen 
yield about five times, as large as in the control pots. There was a little 
interpenetration of roots (i) in this series of pots. All roots were long and 
well developed. 

In the clover series there was extensive interpenetration of roots, so 
that separation of the roots of the two species became very difficult. The 
effect of clover upon the rye-grass growth and nitrogen yield (as well as 
nitrogen content) was less marked than in the previously described series 
of pots. 

In the serradella group the roots of rye-grass were badly developed and 
short, the tops were light green, but even so the yields of grass and of total 
nitrogen in the grass were twice as great as in the pots with rye-grass only. 

The sand of the pea-rye-grass pots contained the most nitrogen after 
harvest (Table IV). 

Table V represents the yield of leguminous plants per pot, and per- 
centages and yield of total nitrogen. 
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Table IV. Nitrogen in dry sand after harvest 


Series 

B, Rye-grass 

BC. Rye-grass + 8erradella 

BD. Ryo-grass + clover 

BE. Rye-grass + peas 



g. per pot 

% 

(29 kg. dry sand) 

0 

0 

0-0015 

0-44 

0-0011 

0-32 

0-0042 

1-22 


Table V. Leguminous plants: yield and nitrogen content as 
percentage of dry matter 


Dry matter 
Plants g. per pot 

Serradella 8-25 

Rod clover 23-70 

Peas 77-31 


% Nitrogen 
nitrogen g, per pot 
3-07 0-24 

3-20 0 75 

2-66 1-97 


Summarizing the nitrogen yield in (1) leguminous plants, (2) rye-grass, 
and (3) sand (per pot), it is evident that ten plants of peas have given the 
highest amount of assimilated nitrogen and ten serradella plants the 
smallest amount. On the other hand, per 100 g. of plants, the peas and 
red clover fixed a smaller total amount of nitrogen, as is shown in Table VI . 


Table VL Total symbiotically fixed nitrogen during 13 meW growth 


Scries 

Serradella 
Red clover 
Peas 


Nitrogen fixed 
by 10 plants 
mg. 

702 

1102 

3218 


Nitrogen per 
1(K> g. of legu- 
minous plant 
(dry matter) 


mg. 

85iK) 

4640 

4160 


II. Experiment at Rothamstep in 1936 

The experiment was performed in glazed earthenware pots, each 
holding about 20 kg. of sand, containing 0-0026 per cent of total nitrogen. 
10 g. of precipitated chalk was well mixed with the sand before filling each 
pot, and 500 c.c. of the following nutrient solution was also added : 


KSO, 

... 1-75 g. 

KjHPO* 

... 0-75 „ 

KHjPOi 

... 0-75 „ 

FeCls anhydride ... 

... 0-075 „ 

MgSO^.THjO 

... 0-75 „ 

Ca804.2H,0 

... 0-6 „ 

NaCl 

... 0-76 
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The pots were weighed at the commencement of the experiment, and 
afterwards watered with rain water as required to bring them back to the 
initial weight. The experiment was divided into five series, each containing 
five replicates, as shown in Table VIL 

Table VII 

Series Plants 

A 10 plants of barley 

B 6 plants of barley 

BC 5 plants of barley and 5 plants of peas 

BD 5 plants of barley and 5 plants of lucerne 

BE 5 plants of barley and 5 plants of rod clover 

The pH of the sand during growth was about 6*5. The seeds were 
inoculated with an effective strain of specific nodule bacteria. The plants 
were grown as described in the first experiment, with sowing 17 March 
and harvest 4 J uly. The stages of growth of the harvested plants were as 
follows : the barley was quite ripe in all pots, peas ripe and partly dry, red 
clover and lucerne flourishing and still green. The approximate dates of 
plant development are given in Table VIII. 

Table VIII 

Plants Germination Flowermg Maturity 

Barley 24 March — 3 July 

Peas 29 March 15 April 15 June 

Lucerne 24 March 3 July — 

Clover 23 March 3 July — 

The experimental results are given in Table IX, and the nitrogen 
determinations in Table X. 


Table IX. Mean weight of barley {dry matter) per pot 


Series 

Total plant 

as <>0 
g. of B 

Grain 

r 

g* 

as % 
ofB 

Root 

g- 

Overall 
length of 
roots 
cm. 

A. Barley ( 10 plants) 

300 ±0-33 

— 

0 55±010 

— 

0-32 

32-90 

B. Barley (5 plants) 

2-87 1.019 

100 

0-70 tO lO 

100 

0-27 

40-30 

BC. Barley (5 plants) 

4-28i0-41 

149 

1-40 ±018 

200 

()-50 

49-40 

-f peiis 

BD. Barley (6 plants) 

318i0-27 

106 

0-77 ±013 

no 

0-40 

39-03 

■f Income 

BE. Barley (5 plants) 

2-80 ±016 

93 

0-70 ±014 

100 

0*40 

39-05 

+ clover 


Only in the peas-barley series was there a beneficial effect from mixed 
cropping, it being shown in that series as an increased peld of barley 
grain (PL VII, fig. 2). Though the roots of barley (in barley-pea pots) were 
well developed, no interpenetration of root system was observed. In the 
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other series (lucerne and clover pots) the leguminous plants had no evident 
effect on the growth of the barley. 

Once more, regarding the nitrogen percentage and content of the 
barley, only in the pots with peas was there a demonstrable effect of the 
leguminous companion (Table X). 


Table X. Nitrogen percentages and total nitrogen in barley 
{dry matter)* 


Series 

Nitrogen 

o/ 

/o 

Nitrogen 

Nitrogen 

mg. {)or pot 

a«%B 

A. Barley (10 plants) 

B. Barley (5 plants) 

0-56 

0-51 

16-50 

14-64 

100 

BC. Barley (6 plants) + peas 

BD. Barley (5 plants) 4- lucerne 

0-87 

37-24 

254 

0-52 

16-54 

113 

BE. Barley (5 plants) + clover 

0-69 

16-52 

113 


* These analyses were made on bulk<*d samples. 


III. Discussion 

In both experiments peas have been the best companion of rye-prass 
and barley in their respective years. Tliis beneficial influence of peas, as 
well as the less well marked effects of red clover and serradella, upon rye- 
grass, is explainable on the supposition that r\’e-gra.ss. being a perennial 
plant, was able to utilize the nitrogenou.s compounds excreted from 
nodules of its leguminous companion during its whole season of vegetation. 

Tables III and VIII show that in the conditions of these experiments 
rye-grass was better fitted than barley to make use of the nitrogen pro- 
vided by a companion crop of peas. The yield of total nitrogen in rye- 
grass per pot in the peas-rye-grass series was nearly five times as big as 
the total nitrogen contained in grass grown alone ; in the barley-peas series 
the nitrogen in the barley was only about 2-5 times as great as that of the 
barley grown in absence of peas. 

In a study of root habits of mixed species, Kasererdi observed a 
maximum of root interpenetration when a legume and non-legume were 
grown together. Thornton and Nicol (see (6)) have made similar, though 
less extensive, observations. In the experiments describe din the present 
paper, considerable root interpenetration was seen only in the rye-grass- 
clover pots. Little or no interpenetration of roots was noted in the other 
series ; in spite of that, the a8.sociated growth of peas with rye-grass had a 
better influence upon the development of grass than did the association 
of clover with rye-grass. 

The failure of lucerne and clover to influence the yield and nitrogen 
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content of barley grown in mixture with them under the conditions of 
this experiment may perhaps be accounted for as follows : it is known that 
the blooming period of leguminous plants is also the period of most 
vigorous fixation of nitrogen by the nodule bacteria ; probably the excre- 
tion of nitrogenous compounds from nodules is most active at the flowering 
stage. By the time that in the foregoing experiment red clover and 
lucerne were in the blooming period, the accompanying barley had already 
ripened and was unable to utilize the available nitrogenous material. In 
other words, an excretion of nitrogen compounds from nodule-bearing 
plants (lucerne and clover) began at a stage of growth of barley that was 
much too late for the barley to benefit therefrom. The beneficial influence 
exerted upon barley by peas was evidently due to the circumstance that 
the period of flowering of peas, and the most vigorous growth of barley, 
almost coincided. 

A non-legume cannot function as indicator plant towards nitrogen if 
it has reached a stage of growth at which its uptake of nitrogen is small. 

In carrying out experiments with mixed crops it is therefore essential 
to associate species of plants (one leguminous, the second non-legiiminous) 
having approximately parallel and equal periods of vegetation. As an 
alternative, should the duration of growth of the two companion species 
differ, the sowing dates should be modified, the plant having the longer 
period of growth being sown first by a suitably calculated interval. If 
neither of these precautions is adopted, a mixed crop experiment as a test 
of the presence of nitrogenous excretions from the leguminous component 
will have its value seriously reduced or even nullified. 

IV. Summary 

1. The total yield of dry matter of rye-grass, grown in the presence of 
inoculated (a) peas, (b) red clover, (c) serradella, in sand with no added 
nitrogen, after 13 weeks’ growth was increased by about three times in the 
peas-rye-grass series, twice in the clover-rye grass series, and nearly twice 
in the serradella series in comparison with the yield of rye-grass grown 
alone. 

2. The nitrogen percentage and total nitrogen yield of rye-grass were 
greatly influenced by associated growth with peas, clover or serradella. 
Rye grass grown with peas after 13 weeks’ growth contained nearly five 
times, grown with clover three times, grown with serradella about twice, as 
much total nitrogen, as grass of the same age similarly grown, but in the 
absence of leguminous plants. 
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3. Among the three leguminous species tested at Pulawy , peas were the 
best companions for rye-grass, giving the highest amount of assimilated 
nitrogen, while serradella gave the smallest. 

4. In another experiment, when barley and (a) peas, (6) red clover, 

(0) lucerne were grown together in sand without added nitrogen, only peas 
exerted a beneficial influence upon the )rield of dry matter and the nitro- 
gen percentage and total nitrogen yield of barley. 

6. No influence upon barley growth was noted in the red clover- 
barley and in the lucerne-barley series. This was probably due to the cir- 
cumstance that the period of most vigorous fixation of nitrogen by clover 
and lucerne nodule bacteria almost coincided with the period of ripening 
of barley, and at this stage of growth barley was unable to utilize the 
available nitrogenous compounds. 

6. Rye-grass made a better use than did barley of nitrogen provided 
by peas grown in association. 

7. An extensive root interpenetration in the clover-rye grass pots was 
noted. There was little or no root interpenetration in the other series of 
experiments with barley. 

8. Certain precautions in the conduct of mixed cropping experiments 
are adumbrated. 

The author is indebted to Sir John Russell for providing facilities for 
this research at Rothamsted Experimental Station, and to the Fund of 
National Culture (Fundusz Kultury Narodowej) of Poland for the grant 
of a fellowship. Thanks are also due to Dr Winifred E. Brenchley and to 
Dr Hugh Nicol for their helpful advice in the course of the investigation. 
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Many pajiers dealing with the c()m|K)sitk)n and dig(‘stihilitv nf forage crops are 
to be found in the literature, but the aiialys(*s are usually rt'stricttKl to thotw^ 
few groups included in the conventional metluKis of a^icultural analysis. TIkjsc 
rarely extend beyond the determination of ash, {>r mint'ral constituents, crude 
protein, crude fibre and ether-soluble material. The sum of these analyst's is far 
below 100% in the case of grasses, and the difi‘(Ten(!<‘ from 100, often 4(MK)% , is 
expressed vaguely as “N-free extractives” or “soluble (‘arlK>hydrate8”. In the 
belief that more information should Im‘ obtaiiu'd alM>ut tin* oarlK)hydrate (‘on- 
stituents of forage crops in geiKTal, and this ill-defined fraction in particular, 
detailed analyses have b<*en undertaken using metho<is whi(*h have lK*en de- 
veloped in the past few years. Not only is it d('sirabh‘ to obtain further know- 
ledge as to the final coin[K)sition of agricultural inattTials us(*d aa fcKling stuffs, 
but also to be able to follow the changes which take place during development, 
maturation, drying and storage. This pafXT records a pndiminary study of the 
development of rye grass and its conversion into hay. 

SampUnif. 

The samples were taken from Pastures Ficdd, RothamsUd, in April, May and 
June 1935, the seed having Ikhui sown under oafs fhe j)n‘vious w^ason. The 
selected area, 21 yd. sq., was divided into small plots eacli U yd. sq. Sampling 
was effected by cutting with shears an area of I s(|. yd. within the siiiali plot, 
this being conveniently deUTinined by the use of a wo<Kl('n frame of that size. 
The rejection of margins ptmuitNd paswige }M*tw<'(*n the areiw to Ik* sampk'fl 
and obviated the neexissity of avoiding j)lots adjacent to one previously sarnpkd 
on account of possible (;dge effects. At each tim(‘ of sampling eight plots, m'lectod 
at random in the usual way, were cut. TJie grass fi-om thest^ [dots was bulked, 
again at random, into two sampl(‘s (A and R), eacdi (‘ontaining tin* yield from 
four plots. In this way an estimate (»f error du(^ to variation in com{x»8ition is 
possible and, since all determinations were subs(*qiientiy ma<ie in duplicalt' on 
these A and B samples, an estimate of analyti(!al error has also lH*i'n obtained. 
The num})er of plots cut at each time of sampling is ad(*quaU* sinw the pur}K>sc 
of these investigations is a study of composition and not of yield or rate of 
growth. Many more plots would have to lx* sampled to obtein ndiable figures 
for the latter. 

Treatment of samples. 

The grass when cut was bulked into A and B samples and nwovod to the 
laboratory. By hand-picking, all weeds and stubble* were* sefxirated, and the 
sample plaejed in an oven at 1(K)® for a short {KTiexl to inactivate emzymefl. 
Drying was then effected in a drying room at a nuxlerate* temfx^rature. After 
chaffing the samples were ground in a high H|)e<d mill to \yam fiO-mesh. 

( rm ) 
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OtJier informution. 

The weather ecinditioiiH uf early .smriiiier of J9;i5 were exceptajiial, the rainlall in the latter pari 
of May ami in J une beinjr much abovi^ averajije and the Hunshnie delicient. Betweofi 26 April, when 
the firHt HampleH were taken, and 21 dune, wIhmi the biat were eiit, the rainfall totalled 4*9 in. 
The HUiiHhirie in June, u[) to the 2lKt, wan !>2-H lioiirB, the* aveiagi* for tiu* |)en()d lunn^ 143'4 hours. 
Ah a result the jj;raMH when mature was ^rwner ami more stenuny than is usually the ease. 

The whole an*a was mown on 22 June and thc5 ^rass left for hay in the usual way, being turned 
on<*e. A H(‘vere thunderstorm (0-28 in.) siiaked it when partly dry. When dry, a large random 
sample was taken (28 June) so that inbirination might be obtained as to the changes normally 
oeeurring in the proei'ss of hay making. 

Amlyiic/il methods. 

Th(5 following analysiiH were (tarried out on tJi(‘ air-dricid niabcrial: 

1. Ash: in an (‘li^ctric furnace. 

2. (Wwh protein: N by Kjeldahl x <)*25. 

3. (hid imter-solMe fraction: 24 hours at room tcrnperatun*, nitrog(‘n being 
dcttt‘rmin(‘d in tint residu<‘. 

4. (Jrude fibre: official mi‘thod. 

5. Total pectin ((‘Xf)r(‘SH(‘(l as calcium poetatc yit'ld) 

(]. (\dlulose: Norman & denkins [1933]. 

7. Total fur furaldehyde yield: by distillation with 12% 11(4 and jirecipita- 
tioii as the jifdoroglueidc. 

8. F urfuraldehyde from (*ellulose. 

9. Lignin Aitov hydrolysis: Norman & Jenkins [1934, 1 [, the matenial being 
pr(‘tr(‘at(*d with ahtoliol-benzeiie. 

JO. Fther-soluhlt fraction: by e.xtraetion in a Soxhkd apparatus. 


Results. 

Some information about th(‘ rate of growth of the grass may be obtaintni from 
the dry weights of t he sam])l(‘s (Table I), (‘a(*h n'jiresenting tlu‘ yiiJd from 4 sq. yd. 

Table 1. Yield of rye grass from 4 jdots each of 1 sg. yd. 

Samjile 


1 

April 2(i 

A 

97(> 


B 

102 s 

•) 

May m 

.\ 

201 2 


\^ 

2(MI4 

3 

Mu> 24 

\ 

323 3 



n 

290-9 

4 

June 7 

A 

494- 1 



B 

,38 IS 

.■> 

June 21 

A 

7S(i-.3 



B 

1)03-3 


N on-structural constituA nts. 

Figures relating to the non-struetiiral constituents art* givt'n in Table II 
and (‘.all for no spt’cial e<)mnient <*xeopt in the case of the water-soluble fraction, 
which was very high in the younger sam])l(*s. Mort* than half of the material of 
the first three samples was extracted by cold water and of this tlie jirottun 
accotjnted for only a small part. Hot water was no more etfeetive and indt'ed 
removed rather loss protein, no doubt owing to coagulation. The nature of the 
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Table II. Some Twn-stradv/ral comtituents of rye grass. 

All analyses expressed as % on oven-dried samples. 

Each hgare is the mean of 4 analyses — duplicate determinations on 2 independent com|)Osite 
samples. 

Protein Protein 


Sample period 

Ash 

Crude 

protein 

Cold 

water- 

soluble 

in cold 
water 
extract 

Hot 

water- 

soluble 

in hot 
water 
extract 

Ether 

extract 

1 

9-62 

1011 

53-92 

3-17 

52-43 

3-01 

3-46 

2 

9-11 

8-66 

52-28 

2-90 

53-02 

2-39 

3-42 

3 

7*84 

7-27 

54-16 

2-23 

55-46 

2-29 

6-34 

4 

7-66 

715 

46-21 

2-45 

47-76 

2-64 

4-12 

6 

7-50 

4-72 

37-21 

0-89 

38-27 

0-89 

4-84 

Hay 

7-58 

5*46 

32-07 

2-65 

31-29 

2-12 

2-62 

•s.B. ± (sampling error) 

0*30 

0-09 

0-55 

0-12 

0-63 

0-22 

0-15 

8,B. ± (analytical error) 

0-19 

009 

0-36 

0-10 

0-30 

0-08 

0-44 

Analytical error % ± 

2-3 

1-2 

0-8 

4-2 

0-6 

3-8 

10-6 


* S.B, = Standard error. Sampling error includes analytical error. 

Since each figure in the table is the mean of 4 analyses, the sampling and analytical errors per 
sample are obtained by doubling the errors given. 

non-nitrogenous water-soluble fraction will be dealt with later. The increase in 
crude protein content on drying for hay was of course due to carbohydrate 
losses, and the apparent increase in crude protein passing into solution in cold 
and hot water in the same sample to some protein degradation resulting in the 
production of soluble products. This will be discussed lat(T. 

Structural constituents. 

Analyses of some structural constituents are given in Table 111. With 
increasing age the cellulose content rose rapidly, particularly in the samples 4 
and 6. For comparison, crude fibre determinations were inade by the official 
method. The deficiencies of the crude fibre figure liavc been dealt with in detail 

Table III. Some structural constituents of rye grass. 

All analyses expressed as % on oven -dried samples. 

Each figure (except N in lignin) is the mean of 4 analyses — diijfiicaie <h‘t 4 Tminations on 2 
indei)endent composite samples. 

Fur- Fur- 

furalde- Total furalde- 



Cellu- 

hyde 

from 

Xylan 

in 

fur- 

furalde- 

hyde 

from 


N 


(Cal- 

Sample period 

cellu- 

cellu- 

hyde 

poly- 

Lig. 

in 

Crude 

cium 

lose 

lose 

lose 

yield 

uronides 

nin 

lignin 

tibn- 

jK*ctato 

1 

20-89 

2-63 

4-11 

7-29 

4-66 

4-63 

0-29 

18-76 

0-91 

2 

20-45 

2-75 

4-30 

7-73 

4-98 

4-37 

0-28 

18-17 

0-41 

3 

23-16 

3-99 

6-19 

7-77 

3-78 

5-08 

0-27 

17-08 

0-52 

4 

29-69 

5-44 

8-45 

9-85 

4-41 

6-30 

0-27 

21-54 

0-60 

6 

36-30 

7-09 

11-02 

11-31 

4-22 

8-48 

0-28 

26-34 

0-42 

Hay 

40-85 

7-61 

11-80 

13-15 

6-54 

9-32 

0-28 

31-60 

019 

s.E. i: (sampling 
error) 

0-31 

0-14 

0-21 

0-16 

0-24 

0-17 

* 

0-42 

0-05 

s.B. ± (analytical 
errori 

0-21 

0-09 

0-14 

0-22 

* 

0-07 

* 

0-33 

0-04 

Analytical error %± 0-76 

1-92 

1-79 2-4 53 

* Not determined. 

0-90 

* 

1-54 

7-85 
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elsewhere [Norman, 1935, 1 ] but it is sufficiently apparent from the rye grass 
samples that the oellulosic structure of the plant is underestimated in an 
irregular manner in the fibre determination. Whereas in sample 1 the crude fibre 
figure accounts for about 90% of the cellulose, in samples 4 and 5 only 72% is 
estimated. A contributory factor in this is the increase of xylan in the cellulose 
with increasing age. This change is more obvious if the xylan be expressed as a 
percentage of the cellulose containing it (Table IV). 

Table IV. XtjUin content of rye grass at different ages. Expressed 
as % of the cellulose. 

Samplo Xylan 

1 19*7 

2 210 

;i 26-7 

4 28-5 

Ti 304 

Similar, but not entirely regular, increases in the content of xylan associated 
with the cidlulose have been found in the barley plant by Norman [19331 
Phillips & Goss [ 1935]. It is not easy to see why there should be this change in 
the nature of the cellulosic framework of the plant with increasing age. The 
glucose and xylose units forming the cellulose and xylan are presumably laid 
down together by the same mechanism, the balance altering in favour of the 
pentoH(‘ as tlu‘ plant becomes more mature. The pcmtose metabolism of plants is 
little understood as yet and provides a number of such problems. It has pre- 
viousl}^ been pointed out that a calculation of total pentosans from the furfur- 
ald(*hyde yield of the whole material is misleading because of the changing 
proportion of xylan in association in the (;ellulose [Norman, 1933] and this fact 
is again evident from the rye grass results. The total fiirfuraldehyde yield 
increas(^d with age, but whilst in the youngest material 26% of th(‘ total was 
derived from the xylan in the cellulose, the amount from this source increased to 
62% in the matun^ material. The nature of these changes may be seen from 
Fig. 1. Since the direct determination of hemicelluloses is unsatisfactory, the 
furfuraldeliyde not from cellulose is taken as a measure of this group of encrusting 
polyuronides. No (jorrection has been made for the furfuraldeliyde derived from 
}M^ctin, since the pectin content was quite low throughout. The proportion of 
encrusting polyuronides apparently remained much the same over the whole 
period of growth. Information as to the actual amount is not given by these 
analyses. However, the fiirfuraldehyde yields of hemicellulose preparations that 
havi^ been obtained indicated that the factor for conversion of furfuraldehyde 
from this source to jiolyuronide is a little over 2 . 

81110*0 the ripening of grass is always said to be accompanied by lignification, 
and since the extent of lignification considerably affects digestibility, the lignin 
contents of these samples are of es])ecial interest. The determination of lignin 
has been a matter of much ri^search lately, and whilst some of the disturbing 
factors have been recognized, it cannot be said that a method of general appli- 
cability* has been evolved. In the presence of protein, errors are introduced by 
the linkage of protein fission products with the lignin [Norman & Jenkins, 1934, 
2 ]. Some workers have corrected for this disturbance by determining the N 
present in the lignin product, calculating this as protein and subtracting. Such 
a correction is not justified, and until such time as a method which shall be 
free from protein interference is devised, it is preferable simply to record the N 
found in the lignin. The pretreatment advocated by Norman & Jenkins [1934, 1] 
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for Jreducing the errors due to the presence of pentose groups does at the same 
time considerably reduce the protein disturbance. The lignin figures given in 
Table III were obtained on materials which had been given this pretreatment 
following extraction with alcohol-benzene, as usually advocated for woods. The 
apparent lignin residue contained over 6% N on an ash-free basis in the case of 
the youngest sample. It was curious however that the actual amounts of N 
retained by the lignin were almost identical in each case although the actual yield 
of apparent lignin increased progressively with age, the final sample containing 



Fig 1. Distribution of furfuraldehy.lo ^vifld from ryo gras^ ftaniplefi. 

nearly double, that of the youngest. The ern)r due to proU-iin may therefore be 
taken to be more or less constant in this scries and the increase in lignin content 
to be from about 3 % in the youngest sample to about 7 % in the most mature. 
The importance of the alcohol-benzene extraction for the iximoval of fatty and 
waxy compounds in the case of such green materials was made evident when 
lignin determinations were carried out on the ethiT-cxtractod residues, an acid 
pretreatment being given in both cases. For comparison, the determination was 
also made without a solvent cxtra(‘,tion (Table V). 


Table V. hffpxi of solvent extTaction on lignin dcierrninoiions. 


Rye 

grass 

sample 

1 

2 

3 

4 
d 

Hay 


All results expressed on ICO g. oven-dry rnateriaL 


Alcohol-benzene 

extraction 


I 


Apparent 

Nin 

lignin 

lignin 

4*63 

0-29 

4-37 

0-28 

5*08 

0-26 

6-,S0 

()-27 

8-48 

()-28 

9-31 

0-28 


Ether 

extraction 


Apparent 

lignin 

Nin 

lignin 

* 

« 

5-27 

0-33 

5-99 

9-31 

0-79 

0-32 

9-21 

0*28 

IMf, 

0-32 


No solvent 
extnudion 


Apjmrent 

Nin 

lignin 

lignin 

6*58 

0*25 

6-37 

0*21 

5-72 

0*21 

714 

0-20 

9-73 

019 

1064 

0-20 


* Not determined. 
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It is evident that a further examination of the effect of solvent extraction on 
the determination of lignin in green plant materials is called for. Although 
treatment with alcohol-benzene resulttid in the lowest yield of lignin residue, the 
nitrogen in the lignin was actually increased by extraction with either other or 
alcohol- benzene. The difference's between ether-extracted and ah^ohol-bcnzeno- 
extracted samples an^ greater tlian could be accjounted for by the higher N 
content of the lignin from the former. 

Water-soluble constituents. 

The astonishingly high content of material soluble in cold water in these 
samples l(*d to an investigation of the nature of the sulistances removed. The 
major constitiu'nt of the extract apjiears to be a fnictose anhydride or laevan. 
The presence' of such fructose polysatujharides in members of the Gramineae has 
iK^en reported at various timi's, and rectmtly Cliallinor ei al. [1934] have studied 
the laevan from rough -stalked meadow grass. The yield of ])ure laevan obtained 
by them was less than 1 % of the dry weight of the grass taken. Buston [1934], 
in the course of an investigation on the polyuronides of grasses, determined the 
amount of reducing sugar in th(^ aqueous extract of young grass sampk'S before 
and after hydrolysis with 1 % H 28 O 4 for 40 min. The incr(*ases on hydrolysis, by 
no means all lu'ci'ssarily dut* to fructose, suggest that the fructosan content of 
the samjiles invc'stigated by him was low, except perhajis in Cresttd dog’s tail 
{Cynosurm cristatus). Preparations of fructosan have also been obtained from 
rye [Kizel & Kretovitsch, 1934] and from barley [Archbold & Barter, 1935]. 

The accurate d(d(‘rminations of the fruclosan in the rye grass samples pre- 
s(*nted difficulties whi(4i hav(* not been entirely overcome. It was first deter- 
min(^d that an acpK'ous (‘.xtract could Ix' hydrolysed readily by low concentrations 
of a(;id and that 0*5% oxalic^ acid gave no increase in fructose after heating for 
30-45 min. Even at such a dilution, hydrolysis was extremely rapid in thi* first 
15 min. Determinations were carricHi out first on cold aqueous extracts of the 
samples, the extraction being made for 24 hours. This was found to give an 
incomj)leU* extra<;tion of fructosan and accordingly a seccjnd treatment for 
the saiiK^ tiiTK* was giv(‘n. After clearing with a small amount of basic lead 
ao(*.tate and d('-leading with sodium phosphate, th(i total reducing value was 
determined by tin* Shafh'r-vSornogyi [1933] micro-method, and the aldoses by 
hypoiodit<' oxidation for 2 hours in a refrigerator. Similar d(‘ terminations were* 
made after hydrolysing the (*x tract by boiling with 0-5 % oxalic acid in a water- bath 
for 1 hour, conditions which were found to result in the complete hydrolysis of the 
fructosan. The' results are given in Table VI, the figures obtained by the copper 
method Ix'ing (ialculatcd as fructose and those by the iodine method as glucose. 

Table VI. Carbohydrate in aqueous extracts of rye grass samples. 
llcHultM calculated 011 the Iwvsi.s t)f KHI g. oven-dry gi’ass. 




First (’\tra<-tion 



Second extraction 



Total 

Tota .1 

.Apparent 

— - ^ 
Apjwrent 

Total 

Total 

.Apparent 

A})jKirent 


au^ar 

betore 

sugar 

glucose 

glucose 

sugar 

sugar 

glucose 

glucose 


after 

befon* 

after 

iM'fon- 

after 

before 

after 

Sainjdc 

hydrol. 

hydrol. 

hydrol. 

hydrol. 

hydrol. 

hydrol. 

hydrol. 

hydrol. 

1 

310 

27-47 

l )-66 

9-96 

0-06 

0-98 

0-56 

0-70 

2 

7‘00 

ao - 8 s 

8-12 

9-18 

0-11 

0-77 

0-07 

Traei* 

a 

6'37 

35-15 

0-20 

10-49 

0-05 

1-16 

0-50 

0-56 

4 

4*28 

26-60 

7-97 

8-50 

O-ll 

1-06 

0-47 

0-42 

5 

6-54 

21-77 

7-02 

6-69 

0-12 

1-09 

0-47 

0-47 

Hay 

6-60 

15-68 

7-83 

7-83 

0-07 

0-34 

0-50 

0-25 
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Two important facts are at once apparent. First, the increase in reducing 
sugar produced by hydrolysis is due almost solely to the liberation of fructose, 
since the apparent glucose figures show little difference after hydrolysis. Second, 
the extract must contain oxidizablo material unaffected by the copper reagent, 
but easily oxidized by hypoiodite, because the total reducing value by the copper 
reagent is far lower than the apparent glucose content by hypoiodite oxidation. 
This is, of course, a common observation with plant extracts and makes it 
impossible to get true figures for fructose and fructosan contents by this method. 
Hot water extraction for 1 hour gave figures for total rt>ducing sugar very similar 
to the sum of the cold extracts with the difference that the amounts of apparent 
glucose after hydrolysis determined by hypoiodite oxidation were a little higher. 
Direct hydrolysis of the fructosan in the grass was effected by heating for 30 min. 
with 6 % oxalic acid in a water-bath. As far as could he judged, the results 
obtained indicate that hot aqueous extraction or re}Xiat(‘d cold aqueous ex- 
traction does result in complete removal of the fructosan. To avoid difficulty 
due to the presence of aldose sugars and non-sugar reducing substances, deter- 
minations were carried out by the copper reagent on extracts which were first 
oxidized by hypoiodite, the excess iodine being removed with sulphite. Thti 
procedure adoi)ted was similar to that recently described by Van der Plank [1936] . 
The grass samples, finely powdered, wen^ extracted for 30 min. in a boiling water- 
bath, and a portion of the extract, after clarification, hydrolysed by l)oiling with 
2 % oxalic acid for 30 min. 

5 ml. portions of the unhydrolysed and hydroly.sed (‘xtracts were treated with 
2 ml. JV/IO iodine (containing 34 g. KI per litre) and 1 ml. iV^/4 NaOH and kept 
in a refrigerator just above freezing point for 2 hours. After acidification with 
1 ml. N/3 H 2 SO 4 the (excess iodine was removed by titrating with dilute sulphite. 
The reducing value of this solution was then deti'rmined in the usual way with 
the Shaffer-Somogyi reagent. As a result of the y)rc‘tn 3 atment with hypoiodite, 
considerable quantities of iodide are present which appreciably affect the 
apparent reducing value of fructose. The A^alm‘.s for th (5 fructose content nvust 
therefore be taken from a curve specially det(*rmin(‘d for the quantity of iodide 
that is present. Unless this be done the (;rror introduced is over 10 %. The 
results obtained are given in Table V^ll. The fructose or fructosan present passed 

Table VII. Frmtosan in rye grasn samples. 


Reaiilts ralruliittMl on the basis of lOU g. oven -dry gows. 


Sample 

Before hydrolyfli.s 
as friicto8(; 

After hydro! VHiH 
as fruetoHC 

Knietosan ns 
fructose 

1 

106 

28-21 

271.'> 

2 

;boo 

26-62 

23-62 

3 

310 

37-r>3 

34*43 

4 

2-69 

2f)-33 

22-64 

5 

3-73 

18-87 

1.5-14 

Hay 


14-19 

8-96 


through a sharp peak and then rapidly declined as maturity approached. A 
further considerable fall took place in the process of hay making. The intervals 
at which the samples were taken were not sufficiently short to provide a full 
picture of the changes in the fructosan content. It is however quite evident 
that this polysaccharide must be the chief carbohydrate reserve of rye grass, and, 
because of the high availability of fructose, must be also of great nutritional 
importance. The method of drying adopted was such that some slight hydrolysis 
of fructosan to fructose might take place. A more detailed investigation of the 
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distribution of this polysaccharide is in progress. Young wheat plants have also 
been found to contain fructosan, the amount decreasing rapidly as the ears form 
(unpublished). 

Hydrolysis of rye grass fructosan, 

A crude preparation of fructosan was obtained from an aqueous extract of 
young dried rye grass (collected 17 May). Proteins were removed with basic 
lead acetate and lead with phosphate. After concentration to a small volume 
in vacmy inorganic salts were precipitatid by the addition of alcohol to 
give a concentration of 47 % , After further concentration, the solution was 
poured into a large exc(*ss of absolutf^ alcohol giving a creamy white prcicipitate, 
which was immediately filtered off. Purification of the precipitate was attempted 
by several means, including the bar 3 d;a fractionation described by Archbold & 
Barter [1936], but no method was ver}'^ successful. The crude precipitate had a 
specific rotation [a]/,— 40'' approximately and very slight reducing properti(!S. 
After hydrolysis for 15 min. with 0-5 % oxalic acid the sugar produced amounted 
to 87 % on an ash-free basis, 84-4 % being fructose. This yiolysaccharide was very 
susceptible to hydrolysis and yields of sugar of a similar magnitudt3 wt;re 
obtained on heating for 30 min. with 04)5% oxalic acid; using 0 025% oxalic 
acid the sugar produced did not exceed 58% . Slight hydrolysis was effected on pro- 
longed boiling with water, 19-0% sugar Ixiing obtained after 1 hour and 20*8% 
after 3| hours. 

The changes ocmrring duriruj hay making. 

No direct determinations of the total losses o(;curring duruig hay making 
wejre made, as the whole area was cut. Some indication of the magnitude of 
these losses may, however, b(3 obtained by comparing in the mature sample 
and the hay the jx'rcjentage contents of constituents such as cellulose and lignin 
which would be unlikely to be n‘due(*d by the treatment. Such a comparison 
suggests that the losses were in the neighbourhood of 10%. Of this more than 
half was fructosan, presumably as a result of rc'spiration, or enzymic conversion 
of the polysaccharide into fructose which would be liable to be washed out by 
rain. As evidence of the breakdown it is significant that the hay contained the 
highest percentage of free fructose. Some losses of ash and ether-soluble material 
also occurred. There does not appear to have been any loss in the nitrogenous 
constituents as judgt^d by the total N figures, but I'xtensivi* changes must have 
tak(m place because the cold water-soluble N increased from approx imatidy 
20 to 50% of the total. Th(3 xylan in the cellulose was slightly reduced, with a 
concurrent increase in furfuraldehyde from the |X)lyuronides. The pectin contiuit, 
though low in the mature grass, fell sharply. 


D1SOU.S.SION. 

The system of analysis described in this paper though not complete 
accounts far more satisfactorily for the various constituents of grass than con- 
ventional methods. It is inifHTfeet in that a reliable method for the deter- 
mination of the polyuronide hemicellu loses has not been found. Buston 1 1934] 
attempted this determination by direct preparation and found the apparent 
hemicellulose content of various grasses by this method to be 10-20%. His 
procedure is, however, very laborious and is open to certain criticisms [Norman, 
1936, 2], the chief perhaps being that any alkaline extraction also removes 
cellulosan from the cellulose, with the result that the ])rodu(3t does not only 
consist of encrusting polyuronides. An attempt to avoid this difficulty will be 
described elsewhere. 
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In the case of sample 5, only 43*4% of the grass is accounted for by 
the conventional methods, leaving 56-6% to be described as soluble ‘‘carbo- 
hydrates”. Excluding any estimate of the liemioelluloses, the analyses given in 
this paper on the same sample total to over 80 % . The presence of a considerable 
amount of soluble carbohydratt^s in the form of friictosan is now established and 
the role of this in nutrition will have to be exammed. Presumably it is readily 
utilized by the animal, though the action of digestive enzymes on this poly- 
saccharide has not been studied. Archbold & Barter [1935] found that their 
fructosan preparations were but slowly attacked by invertase. The position of 
fructosan in the metabolism of the plant can as yet b(‘ only a matter of spt^cu- 
lation. In the young plant fructosan is f)r(Mlu(;t‘d more rapidly than cellulose, 
but later cellulose prwiuction predominates. This is shown in Table VIII in 


Table VIII. Amounts of various const itumts as percAinta^es of that 
present in final sample (J). 


Sample 

Dry 

matter 

Friu’tosan 

(Icllulosc 

liiguin 

Grude 

protein 

1 

14-4 

22 

8 

8 

31 

2 

29*4 

41 

17 

15 

54 

3 

44- 1 

87 

28 

26 

69 

4 

63*0 

84 

52 

48 

96 


which the chief constituents in each sampk‘ are ('X])res8ed approximat(dy as 
percentages of that present in the final samples th(' i!icn*iise8 in yield being 
taken from the means of the figures in Table 1 . 

Some of the advantages that have been as(‘rib(‘(l t^) the higher protein 
content and greatc^r digestibility of the cellulose of young grass may in fact Ih' 
due to its much higher content of fructosan, if oth(‘r sfK'cies of grass are at all 
similar to rye grass. 

Summary. 

1. Samples of rye grass cut at fortnightly intervals have l)ecn analysinl, 
particular attention being given to the structural constituents. 

2. The contents of cellulose and lignin imrnnised raindly as maturity 
approached. The percentage of xylan in th(‘ c(‘llnlos(‘ also increasi'd with age. 
The pol 3 nironide hemicelluloses, as judg{*d by furfiiraldehyde yield did not 
exhibit any regular increase and were lowt‘r in the niatun' grass than in the 
young grass. 

3. A water-soluble fructosan, or hwjvan, was Ibund in considerable amounts in 
the younger samples, reaching at one stage ov(*t 37 % expn^ssed as fructose. The 
percentage content of this fjolysaccharide fell rapidly on maturity. 

4. Losses in hay making were of the order of 10 % , mostly accounted for by 
loss of fructosan. 
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Preliminary experiments on the developmental changes in composition of rye 
grass revealed some interesting features, not the least of which was the presence 
of a water-soluble fructosan in considerable amount in the young grass [Norman, 
1936]. A more detailed investigation involving weekly samples of both soil and 
herbage throughout the growing season has now bec'ii undertaken. In the soil 
analyses the more mobile forms of nitrogen and carbon W('n‘ studied, since* the 
changes in total nitrogen and carbon during the growth of a single crop of rye* 
grass are likely to be so small as to lie within the (*xi)erimental error ot the 
determinations. The ammonia and nitrate* contents of the fresh soil were 
measured, and also the ammonia, nitrate and carbon dioxide produced when the 
soil samples were incubated under standard (conditions. Method.s of this tyjK? 
have been extensively used here to study th(‘ influenct* of cropping on the soil 
organic matter [Orchard, 1933; Richardson, 1930. Marshall, 1936], The am- 
monia and nitrate in the fresh soil show tlu* amount of nitrogen) immcdiat(‘ly 
available to the crop, while the incubation values givi* an index to the amount 
of readily decomposable nitrogen and carbon in the soil organic matter. 

Methods employed Jot the grass 

The samples of grass wore taken from Hoosfield, Rotharnsted, from an area 
under barley in the previous season. The selected area was laid out with 98 plots 
each \\ yd. sq. As before, an area of 1 sq. yd. was cut from the plot at th(c 
time of sampling. Each sample consisted of 6 sq. yd. taken at random, and 
bulked. Owing to the variation in the density of the h(*rbag(i this was in- 
sufficient to give reliable figures for increase in dry weight. The bulked samples 
were treated as in the previous season. 

Soil sampling was commenccxl on 25 April 1936, 21 weeks Iwfore the first 
grass sample was taken. On 4 May a light dressing of sulphafr of ammonia 
was applied at the rate of IJ cwt. per acre. The staml of grass was rather thin, 
and the grass tended to be of a stemmy character. The season was almost 
uniformly wet, a circumstance which favoured the latter growth of clover on the 
plots which had been cut earlier in the season. A sample was cut and left for 
hay at the time when the grass was judged by the farm manager to be ripe for 
this purpose. 

The analytical methods employed for the grass were as described in the 
previous paper [Norman, 1936]. 


( 1556 ) 
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A. CoiflPOSITION OF EYE OEASS 

The approximate rate of growth of the rye grass may be seen from Table I. 
These figures do not fall on a smooth growth curve because insufficient plots 


Table I. Yield of rye grass per sq. yd. {first cut) 


Sample 

Date 

Weight 

oven-diy 

g- 

Sample 

Date 

Weight 

oven-diy 

g* 

1 

12 May 

23 

8 

30 Juno 

161 

2 

19 

54 

0 

7 July 

161 

3 

26 „ 

64 

10 

14 

165 

4 

2 Juno 

93 

11 

20 „ 

151 

5 

9 „ 

126 

12 

26 „ 

126 

6 

16 .. 

166 

13 

21 Sept. 


7 

22 „ 

150 




were cut to even out the irregularity in the density of the grass, but they leave 
little doubt that there was no increase in dry weight per unit area after mid- 
June. 

Non-structural constituerUs (Table II) 

The changes observed in ash and crude protein present no special features, 
and are of the tyjxi usually observed in a growing crop. The anomalous figure 
for ash in sample 4 was due to the presence of some clay through sampling under 


Table II. Some non-structural cmstituents of rye grass 

Ail analyaen expressed as % on oven*driod material 




Crude 

Cold 

water- 

Protein in 
aqueous 

Fructose 

before 

Fructose 

after 

Sample 

Ash 

protein 

soluble 

extract 

hydrolysis 

hydrolysis 

1 

9-8 

11-7 

49-5 

3-3 

21 

25-6 

2 

8-5 

9-3 

52-5 

4-4 

31 

26-9 

3 

8*1 

91 

56-9 

4-7 

3-6 

301 

4 

(10-3) 

7-7 

46-5 

41 

1*8 

281 

5 

5-5 

6*9 

44*4 

2-6 

3-2 

26-8 

6 

5-5 

6-4 

390 

1*9 

21 

21-3 

7 

6-9 

60 

31-5 

20 

2-4 

170 

♦Hay 

6-4 

5*6 

26-4 

2-9 

51 

11-8 

8 

7-0 

5-4 

30-7 

2-2 

2-3 

14-6 

9 

6-6 

4-7 

251 

1-6 

20 

12-6 

10 

6-8 

4-7 

20-7 

1-5 

10 

70 

11 

7-5 

42 

15-7 

1-2 

10 

6-7 

12 

7-9 

51 

15-7 

1-6 

0-9 

3-2 

13 

5-4 

6-7 

9-9 

21 

01 

0-4 

fs.E. of 
mean db 

010 

009 

0-23 

007 

009 

017 


♦ (!)ut with Sample 7; loft 1 week in field. 

t The standard errors of these determinations are calculated on all samples, and include those 
in Table V. 


bad weather conditions. As observed previously there is a high percentage of 
water-soluble material in this grass in its younger stages, only a small portion 
of which is nitrogenous. The major part is fructosan, which constituent rises to 
a peak towards the end of May subsequently falling sharply as the grass matures 
and becomes senescent. The free sugar consists largely of fructose, but no 
particular significance is to be attached to the amounts found, since this is 
believed to be in part a result of the drying procedure. In Sample 3, when 
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dried* 3*6 % free fructose was found. Grass cut at the same time and extracted 
when fresh with hot 96% alcohol contained only 1’64% total redudng sugar, 
expressed as fructose, of which r67% was fructose. The peak content of 
fruotosan occurred while the dry weight was still rapidly increasing, so that this 
polysaccharide must be of the nature of a temporary reserve. The pe^ was 
appreciably lower than that recorded in the previous season and coincided 
approximately with the time of full emergence of the head. 

The distribution of fruotosan within the plant at the time of the fourth 
sampling was studied (Table III). It appears that the stem is the chief place 

Table III. Distribvtion of frmtosan in rye grass. Sample 4, 

Cvi 2 June 


Region 

Proportion of 
aerial parts 

%free 

fructose 

% fructose 
after 

hydrolysis 

Leaves 

26'4 

10 

24*4 

Stems 

61*6 

1-9 

35*4 

Heads 

23-2 

1*6 

17*3 

Root 

__ 

0-7 

26*0 


of storage. Division of the stem into intt'rnodes showed that the first internode 
above ground level is richest in this constituent, 42*8% being found. In the 
second intemode only 34*1 % was present. 

The fruotosan, soluble protein and soluble ash constituents do not together 
account for all the cold water-soluble material, and evidence of the presence of 
a glucose polysaccharide, hydrolysed cx>nsiderably less easily than fruotosan, 
has been obtained. The satisfactory determination of a mixture of these two 
polysaccharides has not yet been soIvchI, partly because the conditions necessary 
for complete hydrolysis of the glucosan result in some destniction of fructose. 
The new polysaccharide is present in considerably smaller amounts than the 
fructosan. In sample 3, which contained 30*1 % fruct(>san, about 6*7 % glucosan 
was detected. 

Structural constituents {Table IV) 

The crude fibre determination has befm abandoned on the grounds that it is 
both inaccurate and misleading [Norman, 1935], and reliance is placed instead on 
the direct determination of cellulose and lignin. The cellulose content increases 
steadily and rapidly while the dry weight of the plant is increasing and the 
grass is approaching maturity. The largest percentage increase between the 
time of the 6th and 7th samples does not in fact represent a spurt in cellulose 
production, but is partly the result of a fall in other constituents, as may be 
seen later in Fig. 1 (p. 1560) in which the cellulose present is shown on a basis of 
g. per sq. yd. After the point at which no increase in dry weight occurs, the 
percentage of celliilose stiU rises, though less rapidly, presumably by conversion 
of some other constituent. There is a limit to this change, for the extremely old 
grass left till September, Sample 13, is not much richer in cellulose than that 
out in late July. 

The yield of furfuraldehyde from the cellulose, and therefore the xylan 
associated with the cellulose, does increase with age, but not in any very steady 
manner. When the xylan is calculated as % of the cellulose, there is an indication 
of a tendency to increase during the peri^ of active growth, as was observed in 
the experiments of the previous year, and then a decrease during senesoenoe. 
The ohanges are somewhat irregular as were those found for the barley plant bv 
Phiffip A Goss [1936]. ^ ^ ^ 
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Table IV. Some structural constituents of rye grass 

All analyses expressed as % of oven-dried material 

Furfur- 


Sample 

CelluloBe 

Furfur- 

aldehyde 

from 

collulofle 

Xylan 

in 

colluloBe 

Total 

furfur- 

aldehyde 

aldehyde 

from 

poly- 

uronidea 

Lignin 

N 

in 

lignin 

1 

26- 1 

4'3 

6-7 

7-4 

31 

3*6 

0*3 

2 

26-4 

4-6 

7*0 

8*8 

4-3 

4-7 

0*3 

3 

28-9 

6-4 

8-4 

91 

3*7 

5*2 

0*3 

4 

320 

6-6 

8*6 

9-8 

4*3 

5*9 

0*3 

5 

32-2 

6‘0 

9*3 

10-9 

4*9 

7-0 

0-3 

6 

33*8 

6-9 

9-2 

11-4 

6*5 

8*7 

0*3 

7 

40-4 

61 

9-5 

12-4 

6*3 

9*0 

0*3 

Hay 

43*2 

6-4 

10-0 

13-3 

6-9 

10-4 

0-2 

8 

38-3 

6*3 

9-8 

12-6 

6-3 

9-1 

0-3 

9 

39*9 

6-3 

9-8 

13-4 

7*1 

9*6 

0*3 

10 

43*2 

6-2 

9*7 

13-8 

7-6 

10-5 

0*3 

11 

47-1 

6-0 

9-4 

14-3 

8-3 

11-2 

0-2 

12 

46-2 

6-3 

9*8 

141 

7-9 

IM 

0*3 

13 

48*8 

6-4 

10-0 

151 

8*6 

16*4 

0*3 

*S.K. of 

0-25 

0-09 

— 

0-12 

— 

0-10 



mean ± 

* The standard errors of these determinations are calculated on all samples and include those 
in Table VI. 


No satisfactory direct method for the evaluation of the polyuronide hemi- 
celluloses has yet been devised, and accordingly the difference between total 
furfuraldehyde yield and that from the xylan in cellulose is taken as a measure 
of this constituent. The changes appear to be similar to those exhibited by the 
cellulose, namely a rapid increase during the period of active growth and sub- 
sequently a more gradual increase during the senescent period. 

The presenc(? of lignin in forage crops is believed to affect digestibility ad- 
versely, and the “running off ” of grass is always said to be a result of lignification. 
The results obtained indicate that the deposition of lignin is a gradual process 
and not a change which occurs especially at maturity. The figures slightly 
over-estimate the lignin present, because of the interference produced by the 
presence of protein, as a result of which the lignin residue contains some nitrogen. 
No satisfactory correction is applicable nor can the disturbance be wholly 
overcome. It will bo seen that the nitrogen retained by the lignin was almost 
uniform, and prtisumably therefore the error is nearly constant. The extremely 
old grass sample taken in September was considerably higher in lignin than any 
of the mature samples. Lignin formation seems to continue when other activities 
have practically ceased. 

Taken together, the main structural constituents, cellulose, hemicelluloses, 
and lignin increase progressively with age. If a rough estimate of the hemi- 
cellulose content is made by taking twice the furfuraldehyde figure, it may be 
said that in the youngest sample these structural constituents account for not 
less than 36 % of the dry weight; in Sample 7, at maturity, not less than 62 % ; 
and in Sample 11, late in July, not less than 75 %. 

Changes in haymaking 

The method of sampling did not permit of a satisfactory estimate of the 
loss occurring during haymaking, but a comparison of the contents of cellulose 
and lignin in the hay and the appropriate sample cut at the same time suggests 
that the loss was about 10%. This seems to be due to removal of some ash, 
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protein and fruotosan. At the same time the proportion of nitrogen soluble in 
cold water increased, as did also the free fiuctose, presumably by enzymic 
hydrolysis of the fruotosan. 

Some physiological aspects 

The presence of the polysaccharide fruotosan as a major constituent of young 
grass, and its disappearance on maturity, raises certain ph 3 ^iological questions 
which cannot yet be fully answered. Unlike the cereals, which also contain 
fruotosan in the young plant, rye grass does not store any very large amount of 
carbohydrate in the se^, and instead of being utilized by transformation into 
starch, as is conceivably the case in cereals, the fruotosan in the grass is pre- 
sumably utilized for general development. There is a strong indication that the 
structural constituents and, in particular, cellulose, which continue to increase 
after the dry weight of the plant has reached its maximum, do so at the expense 
of the stored fruotosan. This may be seen from Fig. 1 in which are plotted the 



Fig. 1. Cellulose, fruotosan and lignin contents of rye grass expressed on an equal area basis. 

Cellulose. Fruotosan. • Lignin. 

ceUulose, lignin and fruotosan in the grass from 1 sq. yd. The approximate 
point at which the growth curve reached its maximum, after which there was no 
increase in d^ weight, is indicated, and it will be seen that the subsequent fall 
m fruotosan is in part balanced by a rise in cellulose. Since there are no direct 
^urcs for hcmicclluloscs these ca»nnot be plotted, but nevertheless the indicfttion 
from fiirluraldehyde yield is that they too increased concurrently. 

Kg. 1 shows also that on an area basis the fructosan maximum occurs later 
than the peak in percentage content owing to the increase in dry weight. The 
amorat present at the time of taking Sample 6 was nearly sj cwt. per acre. 

Vmons factors connected with the formation and iitiliTa.fi n n of fruotosan 
remain to be elucidated, including seasonal and manurial effects. 

Gompontum of eecmd groteffi 

Certain of the sets of plots were recut later in the season in order to obtain 
information as to the composition of second growth of the herbage. As a result 
of the wet summer, clover and weeds in some cases provided serious 
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to the new growth. These experiments are only of a preliminary nature as the 
series is incomplete, and the samples represent material cut at increasing 
intervals from sets of plots themselves not originally cut at the same date. The 
analyses for non-structural constituents are given in Table V. The crude protein 

Table V. Some non-8tructural constituents of second growth rye grass 
All analyses expressed as % of oven-dried material 


Sample 

Date cut 

Weeks 

after 

first 

cut 

Ash 

Crude 

protein 

Cold 

water- 

soluble 

Protein in 
aqueous 
extract 

Fructose 

before 

hydrolysis 

Fructose 

after 

hydrolysis 

1-1 

15 June 

6 

9-2 

10-5 

330 

3*4 

2*2 

14-2 

2-1 

29 

6 

9*0 

7-6 

29*7 

2-6 

2-5 

12-2 

3-1 

14 July 

7 

7-4 

71 

27-4 

2-3 

1-7 

8-9 


27 

8 

7-5 

6-4 

20-3 

1-6 

1-3 

6«5 

5-1 

11 Aug. 

9 

8-8 

6*7 

180 

1-9 

1-2 

61 

7-1 

11 » 

7 

8-2 

80 

26-9 

2-2 

1-8 

4-6 

6-1 

18 

9 

8-9 

7-8 

21-3 

20 

M 

51 

7-2 

26 „ 

9 

8-4 

8-2 

24-4 

31 

1-6 

6-5 


content was inclined to be higher than on first growth grass of approximately 
the same stage of development. The most interesting feature is the low percentage 
of cold water-soluble material and of fructosan, relative to the protein content. 
In first growth grass with a crude protein figure of 7*7 % (Sample 4), over 46 % 
was water-soluble, out of which 28 % could be accounted for by fructosan. In 
the second cuts of approximately equal or higher protein contents, these figures 
are not approached. The comparison of Sample 3-1 with 7-1, and Samples 5-1 
and 6-1 with 7-2, groups respectively of equal age, shows that considerable 
differences in composition may result according to the period over which the 
growth takes place. This is not surprising since equal age does not necessarily 
imply an equal stage of development, which may be affected by many factors. 

A low percentage of water-soluble constituents implies more of the structural 
cell wall substances, as is observed (Table VI). Cellulose, lignin and polyuronide 
hemicelluloses are all higher on these samples than on first growth of approxi- 
mately similar protein content. For example. Samples 4 and 2-1 are almost 
equal in crude protein, but the sum of cellulose 4- lignin in the former amounts 
to 37*9 % and in the latter to 48-0 % . Similarly with Samples 5 and 5-1 , the 
totals are 39-2 and 52*2 % . 


Table VI. Smie structural constituents of second growth rye grass 

All analyses expressed as % of oven-dried material 


Sample 

Cellulose 

1-1 

38-4 

2-1 

37-9 

3-1 

33-2 

4-1 

42-9 

6-1 

40*6 

7-1 

36-4 

6-1 

38-4 

7-2 

39-2 


Furfur- 


aldehyde 

Xylan 

from 

in 

cellulose 

cellulose 

60 

9-4 

6-9 

9-2 

6-7 

8*9 

6-8 

9-0 

6-0 

9-4 

6-0 

9-4 

6*8 

90 

6-7 

8*9 


Total 

Furfur- 

aldehyde 

from 

furfur- 

poly- 

aldehyde 

uronides 

12-2 

62 

120 

61 

11-5 

5-8 

13-3 

7-6 

12-9 

6-9 

11-6 

6-6 

121 

6-3 

12*3 

6-6 


N 


Lignin 

in 

lignin 

8*2 

0-4 

101 

0-4 

9-2 

0*3 

11*5 

0-2 

11-6 

0-3 

10-0 

0-3 

110 

0-3 

10-4 

0-4 


Because of the incompleteness of the series it is impossible to generalize 
from these results, but they give a strong indication that second growth grass is 
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more ** fibrous** than the first growth; that is to say the amount of structural 
material present is higher, and the amount of water-soluble constituents, such 
as fnictosan, considerably lower, when considered on the basis of equal protein 
contents, as is the case when feeding value is in question. If this is applicable 
to grasses in general it may be the explanation of the belief held by many farmers 
that autumn grass is not so satisfactory as spring grass even though the nitrogen 
percentage may be the same. From the analyses obtained the carbohydrates 
of the second growth would be likely to be less available than those of the first 
growth. 

B. Changes in the soil ntmiNG the gbowth of eye gbass 

The soil was the heavy clay-loam with flints of Rothamsted ; small lumps of 
chalk were present, and the reaction was pH 8*0. Because the results obtained in 
studies of the mobile forms of nitrogen and carbon are highly susceptible to 
changes in the working conditions, the methods employed in the present in- 
vestigation are described rather fully. 

Sampling and analysis 

The depth of sampling was 20 cm., a half-cylindrical sampling tool taking a 
core of 60-70 g. being used. It was pushed in k^yond the depth required, and 
the bottom few cm. of soil discarded. Four samples, each consisting of 6 or 7 
cores, were collected in stoppered bottles on each date of sampling. At first the 
samples were taken entirely at random ; later, when the regular sampling of the 
herbage began, two of the samples were taken from the six plots whose herbage 
had just been cut, and the other two samples from the plots cut a week earlier. 
Each of the four samples was analysed or incubat<*d separately, so that the 
standard error of the determinations gives a combined measure of errors of 
sampling and analysis. 

In the laboratory the soils were broken up by hand, roots and flint fragments 
being removed, and after thorough mixing the soils were subsampled by 
quartering. 100 g. were returned to each bottle for the preparation of an 
extract, 100 g. were transferred to flasks for incubation, 50 g. were used for dry 
matter determination (24 hr. in electric oven at 105°) and the remainder was 
air-dried, ground and sieved. 

The extracts for ammonia and nitrate determination were made by Olsen’s 
method [1929], slightly modified. 100 ml. of 2M KCl solution were added to 
1(X) g. sod, then enough 2N HCl to give the extract a pH of alx)ut 1*0 (to thymol 
blue), and water to make the total volume of liquid added 200 ml. A few drops 
of toluene were added as a preservative, and the whole was shaken in a re- 
ciprocating machine for 1 hr. The suspension was filtered through a fluted filter 
(24 cm. diam.), the whole being poured in at once, and the first 25 ml. of filtrate 
discarded. This stage was always reached on the day of sampling: the filtered 
extract could be kept several days if necessary in a stoppcjred flask in a re- 
frigerator. 

Ammonia was determined by distilling 100 ml. of the extract, to which 
200 ml. of water had been added, from ca. 3g. of freshly ignited MgO; the 
distillate was collected in Njm acid and titrated to an end-point of pH 4*8 with 
bromocresol green as indicator. 

Nitrate was determined in the same solution by further distillation after 
adding ca, 2*5 g. of powdered Devarda’s alloy, and water to replace that lost in 
the ammonia distillation. Distillation was slow because of frothing, and this 
gave sufficient time for reduction of the nitrate. 
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Blanks were determined on all reagents, and the results of the determinations, 
after blank correction, were calculate on the basis of oven-dry soil. 

Ammonia and nitrate in the fresh soil 

The soil was first sampled on 25 April, when the grass was still fairly short. 

It was sampled again on 7 May, 3 days after the application of sulphate of 
ammonia; then on 11 May; and subsequently at approximately weekly intervals, 
usually on the dates of cutting the herbage, until 28 July. The results appear in 
Table VII: for ammonia, the standard error is given at each sampling date 
because of its variation with time ; for nitrate, where the standard error was 
more constant, a single mean value is given. 

Table VIL Ammonia and nitrate nitrogen in fresh soil 

mg,/kg. dry soil 

May June July 

Sampling date Apr. , ^ , — ^ ^ 

Ammonia N 25 7 11 14 19 26 3 9 16 22 30 6 14 20 28 

(mean of 4) 1*0 3-7 3 0 4-4 2-2 2-6 3*7 1*9 2-6 1-3 M 10 10 1-2 1-0 

8.B.ofmeani 0*06 1*00 0*33 1-46 0-58 0-53 1-07 0 60 1-76 0-06 0*23 007 0-07 0-08 0'13 
Nitrate N 

(mean of 4) 0-3 0-2 2-3 0*7 0-3 0-1 1-3 M 0-2 0-5 0-9 0-5 0-4 0-6 0-6 

s.K. of mean ±0*24 

Since the nitrogen applied as sulphate of ammonia on 4 May was equivalent 
to approximately 18 mg./kg., the results for soil ammonia show that there was 
rapid disappearance of most of the added nitrogen. A similarly rapid disappear- 
ance in late spring has been recorded on other grassland soils [Richardson, 1932; 
Eggleton, 1934]. A small amount of extra ammonia was found in the soil until 
mid- June; this ammonia was unevenly distributed, as may be seen from the 
high standard errors over this period, and its presence is attributed to the 
rather thin stand of grass leaving small “pockets” of unabsorbed ammonia in 
the soil. Very little nitrate was found, the maximum being 2*3 mg. N/kg. a 
week after adding the sulphate of ammonia. Any nitrate formed would rapidly 
be taken up by the herbage, but it is probable that much of the added nitrogen 
was taken up directly as ammonia. The herbage showed a visible response in 
colour and growth a week after the sulphate of ammonia application, which 
agrees with the rapid disappearance of ammonia from the soil in suggesting 
direct uptake without the necessity of nitrification as an intermediate stage [cf. 
Eggleton, 1935]. 

The average levels of ammonia and nitrate before adding sulphate of ammonia 
and after its effect had disappeared were very low, of the order of 1-0 and 
0-5 mg. N/kg. respectively. It has been shown elsewhere [Richardson, 1935] 
that equilibria exist in the ammonia and nitrate contents of grassland soils; 
the equilibrium levels in the young grassland soil of the present experiment were 
lower than those observed in older grassland soils. 

Incubated soils 

For incubation, 100 g. of fresh soil from each sample were placed in a 350 ml. 
flask, along with a short test-tube containing 12 ml. of N KOH, and the stop- 
pered flask was placed in an incubator at 30°. On the following day, when the 
moisture content of the fresh soil had been determined, sufficient water was 
added to make up the moisture content to 20% on a dry soil basis. Air was 
blown into the flasks at 2~3-day intervals to maintain the oxygen supply; blank 
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flasks oontaining KOH tubes were similarly treated, but the oorreotion neoessary 
for CO 2 in the air was small. After 3 weeks* incubation the flasks were removed, 
and absorbed CO^ was determined in the KOH by double titration, first to 
pK 8*4 (phenolphthalein) and then to pH 3*9 (bromophenol blue) [Orchard, 
1933]. Ammonia and nitrate were determined in the soil by the procedure 
already described. The results are given in Table VIII. 


Table VIII. Ammonia and nitrate nitrogen in incubated soil; carbon 
dioxide produced during incubation 


Sampling date 

Ammonia N» mg./kg. 
(mean of 4) 

S.B. of mean 


April May June July 

^ ^ ^ ^ ^ ^ 6 
26 7 11 19 26 3 9 16 22 80 

0-9 2-2 10 0-6 0 7 M 0*4 0-4 0*8 0-6 0*6 

±0*18 


Nitrate N, mg./kg. 
(mean of 4) 

s.B. of mean 


10-3 14*6 12-0 11-7 91 10-6 9*6 10*0 6-6 6-7 8-2 
±M1 


Carbon dioxide 0, mg./kg. 

(mean of 4) 364 292 274 295 314 358 338 328 342 307 277 

S.B. of mean il5-8 


The soil nitrified readily on incubation, with the result that the ammonia 
values were below those in the fresh soil. The highest ammonia content was 
only 2*2 mg. N/kg. in the sample of 7 May, taken 3 days after sulphate of 
ammonia application. There was a significant rise in nitrate content on 7 May, 
after the addition of sulphate of ammonia, and then a tendency to decrease: 
for some time the values remained about the level of the initial sample, but at 
the end of June there was a fall to values significantly below that level. 

Carbon dioxide production was very high by comparison with nitrate pro- 
duction, and whereas nitrate increased in the samples taken after sulphate of 
ammonia application, carbon dioxide decreased. Throughout May it was signifi- 
cantly below the initial value ; it rose to a level nearer the initial value during 
June, but fell again significantly below it at the end of June and the beginning 
of July. 

Some of the fluctuations in the ammonia and nitrate contents of the incubated 
soils were clearly due to the presence of the nitrogen added as sulphate of 
ammonia. To eliminate this, the mineral (ammonia plus nitrate) nitrogen found 
in the fresh soils was subtracted from that in the incubated soils, the difierence, 
known as the ‘‘mineralizable** nitrogen, representing the nitrogen made avail- 
able by the breakdown of soil organic matter during incubation. 

The values for mineralizable nitrogen are shown in Pig. 2, the carbon pro- 
duced as carbon dioxide during incubation being included for comparison. Both 
curves show fluctuations of the type commonly observed in microbiological 
studies of the soil, but there are some clearly marked tendencies. The minerali- 
zable nitrogen was decreasing during most of the period of sampling. Such a 
decrease during the late spring has been observed in other grassland soils 
[Richardson, 1935] and attributed to a seasonal rhythm in the soil organic 
matter. As the soil warms up in the spring, the readily decomposable nitrogen 
in the soil organic matter is mineraliz^ and taken up by the herbage, leaving 
less mineralizable nitrogen to appear on incubation. The mineralizable nitrc^n 
was low throughout, by comparison with the level found in older grassland soils. 
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The carbon dioxide values, which may be taken as an index to the amount 
of readily decomposable carbohydrate material in the soil, show a fall after 
sulphate of ammonia addition that was probably due to an accelerated break- 
down of carbohydrates in the field. Then there was a rise, attributable to the 
production of root material rich in carbohydrate by the rye grass. Once this 
ceased, about mid-June (22 June), there was a fall in both carbon dioxide and 
mineralizable nitrogen. The peak corresponded roughly with that of maximum 
content of fructosan. 



April 25 Days July 6 


Fig. 2, Changes in the incubation products of ryo grass soil. (Note that the vertical scales are 
different for each of the curves.) 

Carbon dioxide and mineralizable nitrogen values frequently appeared to 
move in opposite directions, as would be expected if some mineral nitrogen was 
locked up by the micro-organisms that broke down carbohydrates. The major 
changes in carbon and nitrogen level were not, however, always opposed, and 
the correlation of the two sets of values, although negative, was not significant 
(r= -0*2376). 

The ratio of carbon produced as COg to mineralizable nitrogen, which gives a 
general index to the condition of the soil organic matter, is also shown in Fig. 2. 
After a slight decrease resulting from the sulphate of ammonia treatment there 
was a general rise until the time of cutting hay; evidently the roots, like the 
shoots, were becoming relatively richer in carbohydrates and lower in nitrogen 
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content, so that their residues gave a wider carbon-nitrogen ratio in the produots 
erf inculmtion. The cause of the fall in the ratio after 22 June is not so cl^; we 
owe to Dr Nicol the suggestion that there may have been some “resorption” of 
nitrogen back into the roots from the above-ground parts of the plant. 

The soil samples taken from plots out a week before sampling contained, on 
the average, slightly more ammonia and gave more nitrate and carbon dioxide 
on incubation, but the differences from the freshly out plots were not significant. 

SmOCABT 

1. The changes in the composition of rye grass cut at weekly intervals 
throughout the season have been studied and at the same time the amounts of 
the more mobile forms of nitrogen and carbon in the soil have been followed. 

2. The presence of a water-soluble fructosan was confirmed ; this constituent 
increased to a peak of 30-1 % at about the time of full emergence of the head, 
thereafter decreasing with maturity. 

3. The fructosan accumulates chiefly in the stem and appears to act as a 
temporary reserve, later being utilized for the production of structural con- 
stituents. 

4. The second growth of grass contained a higher proportion of structural 
constituents and less fructosan than the first growth when compared on a basis 
of similar protein content. 

6. Ammonia and nitrate determinations in the fresh soil showed rapid dis- 
appearance of most of the nitrogen added as sulphate of ammonia, with very 
little production of nitrate. 

6. The determination of ammonia, nitrate and carbon dioxide produced by 
incubated soil samples indicated that nitrification was fairly rapid but that the 
amount of nitrate or of mineral nitrogen formed was small in comparison with 
older grassland soils. The soil appeared to become richer in carbohydrate material 
up to the time of hay cutting and consequently the C/N ratio increased. After 
this point a steady decrease was observed. 
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CXCVI. THE DETERMINATION OF LIGNIN 

III. ACID PRETREATMENT AND THE EFFECT OF THE 
PRESENCE OF NITROGENOUS SUBSTANCES 

By AETHUR GEOFFREY NORMAN 
From (he Biochemistry Section, Rothamsted ExperirmnUd Station 

(Received 22 July 1937) 

During the past few years there have appeared a number of papers dealing with 
the determination of lignin, in most cases, in mature woods. Although there is 
now a measure of agreement as to the difficulties to be overcome, there is no 
unanimity as to the most satisfactory procedure which must be adopted. The 
ideal is obviously to obtain full recovery of all the authentic lignin, without 
contamination by condensed or polymerized residues from other constituents. 
Most attention has been given to the interference which may be caused by the 
presence of certain polysaccharides. Errors from this source may be particularly 
serious if the time of contact with the 72% sulphuric acid is prolonged, or if 
the temperature during this digestion is above 20°. It has been suggested that 
such errors may be minimized by control of the conditions of digestion, or by 
an appropriate pretreatment designed to remove the interfering substances. A 
vital point is that the pretreatmont should not affect the lignin as a whole or 
any part of it. Ritter et al [1932] showed that significantly lower lignin figures 
may be obtained if the makTial is extracted with boiling water for 3 hr. prior 
to the addition of strong acid. They did not give any explanation of this effect 
other than that “extractives” which might bo converted into insoluble products 
are removed. Norman & Jenkins [1934, 1] put forward the case for dilute acid 
hydrolysis as a pretreatment, in order to remove pentose-containing poly- 
saccharides. They stated that the validity of this pre treatment was not proved 
beyond doubt, since it is not certain that lignin, as existing in the plant and 
before coming into contact with 72% .sulphuric acid, is completely unaffected 
by hot dilute acids. The principle of a simple acid pretreatment has been ac- 
cepted by Phillips & Goss [1936], but recently has been challenged by Bamford & 
Campbell [1936] on the grounds that the result obtained may still be too high 
through the formation of insoluble products from partially hydrolysed carbo- 
hydrates. It has also been questioned by Cohen & Harris [1937] who take the 
opposing view that the result after such a treatment is too low owing to the 
removal of “soluble lignin”. Bamford & Campbell [1936] do not reject the 
principle of an acid hydrolysis, but believe that one long treatment is less 
satisfactory than several brief treatments, by which means the products of 
hydrolysis are removed as soon as possible. 

The following observations bear on some of the issues raised by the authors 
mentioned and on the more difficult problem of the disturbance caused by 
nitrogenous substances. 

Experimental 

(a) The disturbance caused by non^nitrogenous substances 

The presence of pentose or pentose-containing polysaccharides was shown in 
a previous paper [Norman Jenkins, 1934, 1] to cause errors in the lignin deter- 
mination unless special precautions are taken. It was demonstrated that fur- 
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furaldehyde is slowly produced in contact with 72% sulphuric aoidi and that 
the cause of the disturbance is the condensation of this aldehyde with lignin 
and not necessarily the formation of an insoluble condensation product from ^e 
fuifuraldehyde itself. Lignin in strong sulphuric acid is apparently more reactive 
than has been supposed, and lignin-aldehyde products have been obtained from 
all aldehydes tested. The increment in weight of apparent lignin produced varies 
with the time of contact with the acid but is quite appreciable in as little as 2 hr. 
(Table I), Furfuraldehyde is more active than formaldehyde, acetaldehyde and 

Table I. Condensation of aldehydes with lignin 

Yield of apparent lignin (ash-free) from 0*8 g. oat straw. 15 ml. 72% acid for time stated; 
temp. < 20®, diluted to 000 ml. and boiled 2 hr. 

mg. apparent lignin 


Aldehyde (ml.) 2 hr. 16 hr. 

None 138 159 

Furfuraldehyde 0*025 154 194 

0 06 156 225 

01 186 294 

0*2 214 374 

Formaldehyde (40%) 0-.5 176 179 

10 173 171 

Benzaldehyde 0*06 150 168 

0*2 152 172 

10 162 201 


benzaldehyde, and in any case itself gives an insoluble condensation product 
when the combining power of the lignin is satisfied. Aldehydes are not the only 
compounds to condense with lignin under th(*se conditions ; ketones and phenolic 
substances may also be retained. Even if the lignin has taken up aldehyde to 
its full ability, phenol may still combine (Table II). 

Table II. Condensation of phenol and formaldehyde with lignin 

Yield of apparent lignin (ash-free) from 1 g. oat straw. 15 ml. 72% acid for 2 hr.; 
temp. < 20°, diluted to 600 ml. and boiled 2 hr. 

Substance added mg. apparent lignin 


None 170 

01 ml. 40% formaldehyde 225 

0*2 ml. 40% formaldehyde 225 

0*1 g. phenol 194 

0*1 g. phenol -h 0*2 ml, formaldehyde 280 


Ritter & Barbour [1935] have shown that tannins of the catechol type may 
cause interference in the lignin determination, presumably through some a iniilAr 


Table III. Condensation of tannic acid with lignin 

Yield of apparent lignin (ash-free) from equivalent amounts of water-extracted and acid- 
hydrolysed wheat straw. Conditions as in Table I 

Tannic acid 
added 
mg. 

None 
50 
100 
200 


mg. apparent lignin from 

K 

899 mg. water-extracted 623 mg. acid-hydrolysed 
straw, 2 hr. straw, 16 hr. 

173 166 

189 176 

205 196 

209 201 
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condensation. Tannic acid also produces substantial increases in apparent 
lignin (Table III). 

These observations make it probable that any phenolic substance present 
in the plant material, or any aldehydic substance produced by the action of the 
concentrated sulphuric acid, may condense with the lignin and give an errone- 
ously high result. The substance in question may not itself give an insoluble 
residue with 72% acid, and the absence of such a residue under any chosen 
conditions of digestion is not conclusive evidence that no interference is caused 
if lignin is present. For example Bamford & Campbell [1936] sought conditions 
of digestion that would give minimum yields of lignin and recommended 5-6 hr. 
at 10°. Xylose treated under these conditions gave only 0*07 % of insoluble 
residue. The experiment should however have been conducted in the presence 
of lignin, since it is quite possible that soluble products capable of condensing 
with the lignin might be formed. If this is done it is by no means so certain that 
the effect of the pentose is negligible, though the results were not consistent when 
a variety of materials was examined. 

Table IV, Effect of addition of xylose to lignin determination 

Yield of apparent lignin % from alcohol-benzene-oxtractod materials. 0*75 g. xylose added to 
0*75 g. material + 15 ml. 72% sulphuric acid. Digestion 6 hr. at 10°, diluted to 600 ml. and 
boiled 2 lir. 




With 

Material 

Alone 

xylose 

Oak 

26*2 

26*9 

Hydrolysed oak* 

Silver fir 

32*2 

3M 

33*2 

32*0 

Hydrolysed silver fir 

36*9 

38*2 

Hay 

14*7 

16*2 

Hydrolysed hay 

27*0 

26*2 

Wheat straw 

17*9 

17*7 

Hydrolysed wheat straw 

25*3 

25*4 

Jute 

12*2 

12*2 

Pine 

20*8 

27*5 


* All hydrolyses were effected with 5% H2SO4 for 1 hr. The hydrolysed samples are not 
expressed on original basis. 

In four cases out of six the addition of xylose to an unhydrolysed material 
resulted in an increase in apparent lignin. The increments are not large con- 
sidering the high proportion of pentose added. A comparir on of the hydrolysed 
with the un hydrolysed materials does not suggest that the pentose- containing 
polysaccharides of the latter are causing any serious error in the determination, 
though it cannot be said with confidence that they are wholly without effect. 
Conditions which result in complete solution of the cellulose without at the same 
time causing breakdown of pentoses may be impossible to find, so that the choice 
may have to be made of conditions most nearly approximating to that ideal. 

(b) Acid hydrolysis as a pretreatment 

The use of a single dilute acid hydrolysis as a pretreatment to the deter- 
mination of lignin has been criticized by Bamford & Campbell [1936] as in- 
effective, because with some abnormal woods results higher than on the untreated 
material were subsequently obtained. They say, however, that “greater accuracy 
may conceivably be introduced . . . provided that the products of hydrolysis are 
removed as soon as possible “ and suggest that several brief acid treatments may 
be more satisfactory. A very wide range of plant materials has been examined 
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in this laboratory during the past 3 years, and in no single case has the lignin 
%ure obtained after hydrolysis been higher than that on the untreated material, 
In the aberrant woods mentioned by Bamford & Campbell [1936] the pentose- 
oontaining substances seem to have been peculiarly resistant to hydrolysis. If 
the add hydrolysis were intended to prevent any possible pentose disturbance, 
as was presumably the case, then the treatment was futile, and a lower lignin 
figure could hardly have been expected. The fact that slightly higher figures 
were recorded in some cases may have been due either to the formation of some 
non-lignin insoluble product, as suggested by Campbell, or to the condensation 
of some soluble product with the lignin or possibly to both. The former is to be 
deduced from the deposition of an insoluble residue from the filtered acid 
extract on further boiling as recorded by Bamford & Campbell [1936] or on 
standing for some days [Cohen & Harris, 1937] as has also been observed here. 
The second possibility has been demonstrated by the addition of aldehydes to 
the acid used for hydrolysis (Table V). 

Table V. Ejfect of addition of aldehydes to the acid hydrolysis 

Yield of apparent lignin from 1 g. straw after hydrolysis with 5% sulphuric acid. 

Digestion conditions as in Table 1 

mg. apparent 


Aldehyde added hgnin 

None 150 

1 ml. furfuraldehyde 159 

2 ml. furfuraldehyde 175 

2 ml. 40% formaldehyde 157 


The statement that slightly lower yields of lignin are obtained by successive 
brief treatments with acid instead of one longer tri^atment has lieen confirmed 
on some materials. The important proviso must be add(Kl that the total material 
removed by the brief treatments must b(* roughly (Kjual to that extracted by 
continuous hydrolysis. After four extractions with 100 ml. 5% sulphuric acid 
for successive periods of 5, 10, 15 and 20 min., the lignin yields from oat straw 
and oak were lower than if one continuous hydrolysis were given (Table VI). 

Table VI. Effect of disconlinuom acid hydrolysis on apparent 
lignin cmUeMt 

mg. of apparent lignin from 1 g. alcohol -benzene-extracted material. All rcHulta expressed on original 
materials. Digestion conditions as in Tabic I for times stated 

Oat straw Oak 


Furfur- Furfur- 




aldehyde 

yield 

2 hr 

16 hr. 


aldehyde 

yield 

2 hr. 

16 hr. 

Treatment 

Residue 

digestion 

digestion 

Residue 

digestion 

digestion 

1. None 

100 

15*6 

17-4 

194 

100 

14-4 

23-7 

26-9 

2. 100 ml. 1% acid 
for 2 min. 5 times 

860 

14-8 

160 

18-3 

86*1 

141 

202 

22-8 

3. 100 ml 6% acid 
for 2 min. 5 times 

79-5 

12-8 

16-6 

166 

83*7 

121 

20-6 

22-6 

4. 100 ml. 5% acid 
for 5, 10, 15 and 
20 min. 

62-9 

5'8 

14-6 

14-6 

73-4 

7*1 

200 

20-7 

6. 100 ml. 5% acid 
for 1 hr. 

6D9 

4‘5 

15>8 

16-9 

701 

6*3 

20-4 

2M 
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If the difference between continuous and intermittent hydrolysis is due to 
one or both of the possibilities mentioned above, the effect should be enhanced 
by using the acid extract of one portion to hydrolyse another portion. Amounts 
of 3 g. were treated for 5 min. with 100 ml. 5 % sulphuric acid and filtered, the 
extract then being employed to hydrolyse an equal portion of the same material 
for a period of 1 hr. Lignin determinations were carried out on portions of 
the residues, the lignin yield in most cases being found to be appreciably higher 
than if a simple or intermittent hydrolysis were given. 

Table VII. Effect of boiling with previous acid extract 
Details as Table VI 


Wheat straw Wheat plants Pino 





2 hr. 

iThn 


2 hr. 

16 hr'. 


2 hr. 

16 hr. 


Treatment 

Keuidue digestion digestion 

llcsidue digestion digestion Residue digestion 

digestion 

1. 

6% acid for 1 hr. 

62«8 

16-3 

16-5 

601 

131 

13-1 

80-8 

27*1 

27-5 

2. 

Boiled for 1 hr. with 
6% acid extract 
5 min. 

634 

10-0 

16-5 

51-9 

13-6 

13*5 

81-2 

27*1 

27*6 

3. 

6% acid for 6 min. 
then 65 min. 

62-0 

14-8 

14*8 

60-8 

13'0 

13*4 

80-6 

26*8 

27*3 

4. 

6% acid for 5 min. 
then 10 and 46 rain. 

6M 

140 

146 

61-4 

12-4 

13*0 

82*4 

26*7 

27-6 


The filtered acid extract of most materials on standing for days or weeks 
deposits a brownish black precipitate, instantaneously soluble in alkali to give 
a deep- coloured solution. Bamford & Campbell [1936] mention the formation 
of a similar precipitate on continued boiling of an acid extract and presumably 
consider it to be formed from the hydrolysed carbohydrates. Cohen & Harris 
[1937] prefer to think that a portion of the lignin of woods is soluble in dilute 
acid or even in hot water and that the flocculent precipitate which separates out 
from acid extracts on standing is a poljTnerized insoluble form of this soluble 
lignin. 

They state that this precipitate from an acid extract of maple wood had a 
methoxyl content precisely similar to that of the true lignin n'sidues, and more- 
over gave tlie characteristic colour changes on chlorination and addition of 
sulpliite. If this view is correct the use of any acid hydrolysis treatment is to 
be avoided except as a means of distinguishing between “soluble” and “in- 
soluble” lignin. Their results suggest that the cleavage between the two may be 
clear cut, since prolonged acid hydrolysis did not give lower lignin figures than 
a 2 hr. treatment. The conception of a separate water-soluble form of lignin is 
novel and will require to be substantiated by preparation and characterization. 
Its existence would provide an explanation for the considerable differences in 
apparent lignin yield under the same digestion conditions when an aqueous 
extraction is employed as pretreatment, as in the Ritter-Seborg-Mitchell method, 
and “soluble” lignin would take the place of the interfering “extractives” 
postulated by them. At the moment the evidence for its existence is not ex- 
tensive and depends largely on a colour test which may not be as specific as 
has been supposed. It is not necessary to carry out a prolonged aqueous treat- 
ment to obtain an extract which will give a red colour with sulphite after 
chlorination. Wood or straw treated with warm water for 2 or 3 min. will give 
an extract with this property. If excess of baryta is added to the filtered aqueous 
extract of mature straw, a bulky olive-brown precipitate is obtained which settles 
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readily. This may be washed by decantation with water containing Imryta and 
finally with boiling water. The dried product suspended in water gives a red 
colour on addition of sulphite after chlorination, and might be said on these 
grounds to contain lignin. Acid permanganate is rapidly decolorized, and with 
fisrric chloride a brown-purple colour is obtained. The product contains about 
30 % Ba. If treated with 72 % sulphuric acid a light brown insoluble residue also 
giving the lignin colour test is obtained. The jdeld of ash-free residue in 16 hr. 
was about 30%, when expressed on the Ba-free product. This crude product 
4as not yet been fractionated but must be considered to contain either ligmn, 
some lignin-former or precursor, or some substance, probably phenolic, giving 
positive li gnin tests and forming an insoluble residue with strong sulphuric 
acid. 

In view of the results obtained by Cohen & Harris [1937] and the obser- 
vations above, the water-soluble and acid-soluble fractions of woods and straws 
would repay further investigation. The information available at present does 
not seem to warrant the immediate rejection of acid hydrolysis as a pretreat- 
ment in the li g nin determination, although doubts as to its suitability are 
certainly raised. 

(c) The effect of the presences of nitrogenous substances 

The lignin residues from many plant materials containing protein may 
retain appreciable amounts of nitrogen combined with the lignin. The nitrogen 
is not present as protein, but probably as protein degradation products of 
variable size. The magnitude of the error thus caused varies with the conditions 
of digestion and is generally more or less proportional to the protein initially 
present [Norman & Jenkins, 1934, 2]. So far no means of avoiding this dis- 
turbance has yet been found; most expedients which have been tried have 
resulted also in an effect on the lignin itself. Hydrol>"tic pretreatment with 
dilute acid is partially successful in minimizing the disturbance and has been 
employed in work on agricultural materials containing proteins. The increments 
in apparent lignin caused by the addition of a known amount of protein tend to 
vary inversely with the digestion time and are not reduced by digestion at low 
temperatures. 

In an attempt to obtain further information as to the nature of the disturb- 
ance, the effects of addition of a number of nitrogenous substances of varied 
type were determined (Table Mil) following two procedures. In the first the 
Ritter-Seborg-Mitchell method, which involves hot aqueous extraction for 3 hr. 
and subsequent digestion with 72 % acid for 2 hr., wa.s adopted, and in the second 
the material was hydrolysed with 5% acid for 1 hr. prior to 16 hr. digestion. 
Equivalent amounts of the extracted residues were taken and the nitrogenous 
substance mixed in before the addition of the 72 % acid. Considerable increments 
in apparent lignin were produced by the proteins and also by fungus chitin, 
the nitrogenous group of which is in the form of hexosamino. The ratios of 
increment in lignin over increase in nitrogen were variable and in nearly aU 
cases over 10. The addition of simple amino-acids did not result in any large 
increase in apparent lignin except in the case of tyrosine in which the effect was 
probably due in part to the condensation of the phenolic residue with the lignin. 
The water-extracted straw having 2 hr. digestion seemed more affected than the 
amd-extracted material with a longer digestion period, as has been observed 
before. This was particularly the case with the more complex nitrogenous sub* 
stances such as creatinine, Ranine and nucleic acid. The general conclusion to 
be drawn from Table VIII is that the disturbance caused by proteins must be 
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Table VIII. Effect of addition of nitrogenous substances 

Apparent lignin from 1 g. wheat straw ( =0-899 g. water-extracted 
or 0*623 g. acid-oxtraoted straw). 

Water-extracted straw, Acid-extracted straw, 

2 hr. digestion 16 hr. digestion 


SubBtanoe added 


Apparent 

lignin 

mg. 

N in 

Apparent 

lignin 

mv. 

Nm 

(“ig.) 

mg. 

lignin 

mg. 

lignin 

None 


173 

1*7 

166 

1*3 

Casein 

60 

203 

4*7 

190 

3*8 


100 

214 

7*0 

201 

6*0 

Wheat gluten 

60 

207 

4*6 

186 

3*3 

>> 

100 

240 

5*8 

204 

6*1 

Fungus chitin 

60 

184 

2*0 

168 

1*6 

»» 

100 

187 

2*0 

165 

1*8 


250 

102 

2*9 

178 

2*6 


600 

205 

3*8 

192 

3*3 

Glycine 

60 

177 

1*8 

166 

1*3 

„ 

100 

178 

1*6 

166 

1*3 

y* 

200 

176 

1*9 

170 

1*3 

Alanine 

50 

186 

1*7 

164 

1*4 

M 

100 

190 

1*8 

166 

1*4 

Glutamic acid 

200 

182 

1*7 

162 

1*3 

50 

170 

1-6 

168 

1*3 

>9 

100 

174 

1*5 

169 

1-6 

Aspartic acid 

60 

173 

1*7 

170 

1*6 

Asparagine 

50 

178 

1*6 

166 

1*4 

Tyrosine 

100 

177 

1*7 

167 

1*6 

50 

191 

2*4 

172 

2*2 


100 

190 

2*6 

169 

2*4 

Acetamide 

50 

172 

1*7 

166 

1*2 

„ 

100 

179 

1*6 

166 

1*3 

Biuret 

100 

176 

1*7 

162 

1*9 

Botaine-HCl 

50 

170 

1*6 

164 

1-5 

ft 

100 

173 

1*7 

168 

13 

Creatinine 

60 

179 

1*8 

168 

1*4 

,, 

100 

184 

2*1 

166 

1*4 

Guanino-HCl 

50 

177 

1*7 

164 

1*2 

»» 

100 

183 

1*9 

167 

1*3 

Yeast nucleic acid 50 

180 

1*8 

171 

1*4 

t* 

100 

196 

1*9 

172 

1*4 


due to the linkage of large fission products, not necessarily through the amino- 
group. In many cases these fragments which become attached must have 
suffered partial deamination, since the nitrogen content of the increment pro- 
duced is often, though not always, far above 6 % . The expedient which must 
ultimately be adopted may have to be directed more towards the breakdown of 
the protein molecule into small units, rather than to the removal of amino- 
groups, 

SUMMABY 

1. Various aspects of the determination of lignin in plant materials are dis- 
cussed. Interference is shown to be produced by the condensation of aldehydes 
or phenolic substances with lignin. Proof of the absence of pentose disturbance 
under any particular conditions must be given by experiments carried out in 
the presence of lignin. 

2. The observation that after intermittent acid hydrolysis slightly lower 
yields of lignin are obtained than after continuous hydrolysis is confirmed. This 
may be due either to the formation of some non-lignin insoluble product, or to 
the condensation of some soluble product with the lignin. 
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3. The enhanced yields of apparent lignin caused by the presence of protein 
must be caused by the condensation of large protein fragments, partially 
deaminated. The disturbance caused by simple amino-acids and nitrogenous 
bases is of a much lower order. 
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III. EXTRACTION AND PREPARATION 

By ARTHUR GEOFFREY NORMAN 

From the Biochemistry Section^ Rothamsted Experimental Station^ 
Harpenden, Herts 

(Received 26 July 1967) 

Of the chief cell wall substances, the hemicelluloses are probably the most 
difficult constituents to prepare in a satisfactory state of purity. The conditions 
of extraction recommended by various workers differ considerably, and the 
criteria of purity applied are not uniform. The observations in this paper bear 
on various aspects of the extraction and purification of this group of poly- 
saccharides. 

(a) PretreatmerU with alcoholic sodium hydroxide 

The extraction of hemicelluloses is carried out with cold or hot solutions of 
NaOH, in which lignin is also soluble to a considerable extent. In order to 
reduce the amount of lignin passing with the main extract Norris & Preece 
[1930] recommended a preliminary delignifying treatment with alcoholic NaOH, 
and this procedure has in fact been employed subsequently in a number of 
investigations. In an earlier paper of this series [Norman, 1935] evidence was 
given to show that this reagent when hot has a degradative effect on the poly- 
uronide hemicelluloses and to some extent also on the xylan associated with the 
cellulose so that a considerable loss of furfuraldehyde-yielding constituents 
takes place and there is some chance of degradative change in those remaining. 
Different materials were found to vary in degree of susceptibility to this reagent, 
but in nearly all cases there was no doubt that as a result of the pretreatment 
the yield of hemicellulose would be reduced. In recent investigations of the hemi- 
celluloses of hop and of maize cobs Angcll & Norris [1936] have claimed that the 
alcoholic NaOH treatment did not result in any loss of hemicellulose from these 
materials on the grounds that the precipitate obtained on acidification of this 
extract failed to yield any furfuraldehyde. However, it might be pointed out 
that this evidence alone is not conclusive, since the degradative effect of this 
reagent, if any, is not necessarily similar to acid hydrol 3 ^is, and the fission 
products formed would not necessarily yield furfuraldehyde or even be pre- 
cipitated by simple acidification. To obtain conclusive proof it must be established 
by analysis that the residual material after extraction is not appreciably lower 

Table I. Extraction of wheat straw with 1 °lo NaOH in 50 alcohol 

2*6 g. portions boiled with 100 ml. for hr. Results expressed as % of 
original material 

Furfur- Furfur- 

aldehyde Xylan Total aldehyde 

from in furfur- from 

Residue OUulose coUulose cellulose aldehyde polyuronides Lignin 

Untreated — 63*6 10-35 16*1 16*52 6*2 15-1 

Extracted 04*96 61*6 8-62 13*4 13*06 4*4 6*0 

( 1679 ) 
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in fQifdraldeh 3 rde constituents than before. Examples in which this was not the 
case are to be found in the previous paper [Norman, 1935] and an additional 
experiment is given in Table 1. 

The analyses of the residue show conclusively that with this material pre- 
treatment with alcoholic NaOH, although effective in dehgnification, did result 
in a considerable loss of both types of furfuraldehyde-yielding constituents. The 
degradative attack was such that only a part of the furfuraldehyde could be 
recovered from the extracts and none from the precipitate obtained on simple 
addiff cation (Table II). The straw had lost constituents jdelding 3*7 % furfir- 
aldehyde, of which only about one- quarter could be found in the extract. The 

Table II. Experiments on ahohoUc NaOH extracts from wheat straw 

All in duplicate. Results expressed as *^,0 of original straw 

% 

A. Extract neutralized, concentrated under reduced pressure to remove 

alcohol. Yield of furfuraldehyde 0*84 

B. Extract acidified with excess HCl and filtered. Weight of precipitate ... 1*37 

C. Filtrate from B neutralized and concentrated under reduced pressure to 

remove alcohol. Yield of furfuraldehyde 0*92 

D. Extract neutralized, concentrated under reduced pressure to small 

volume, half volume concentrated HCl added. Weight of precipitate ... 11*89 

E. Filtrate from D. Yield of furfuraldehyde 0*63 

F. Extract brought to pH 4 0 and filtered. Weight of precipitate 3*06 

G. Filtrate from F neutralized and concentrated under reduced pressure to 

remove alcohol. Yield of furfuraldehyde 0*88 

products produced have not been investigated since they are of no special 
moment. Both volatile and non-volatile acids have been found in the extract 
in amounts significantly greater than are obtainable from the original material 
by simple dilute alkali treatment. 4*8 % volatile acid calculated as acetic was 
obtained from the wheat straw extract and non-volatile acid with a titration 
figure of approximately half that of the volatile. 

From these experiments the conclusion must be drawn that the only satis- 
factory proof of the absence or magnitude of the degradative attack caused by 
hot alcoholic NaOH on the furfuraldehyde-yielding constituents is to be obtained 
by comparison of the analyses of the material before and after extraction, and 
not by examination of the extract. 

(5) Conditions of extraction of hemiceUtdoses 

Hemicellulose preparations are obtained from alkaline extracts of the 
material under investigation, but the precise conditions employed are variable. 
The strength of the alkali is not usually less than 4 % . Some workers confine 
themselves to exhaustive cold extraction, whilst others follow a cold extraction 
with one at the boil. There is now a considerable weight of evidence pointing 
to some form of association between the pol 3 nironide hemioelluloses and lignin, 
which probably amounts to actual linkage [Harris et al. 1934; Norman k 
Shrikhande, 1935]. If the existence of such a complex be recognized, preparatoiy 
work may be simpler, in that the purpose of the treatment given must be to 
rupture the association. This may presumably be effected with alkali, which 
simultaneously dissolves the hemicellulose and much of the lignin, or more easily 
by chlorination or oxidation of the lignin. Simple alkali extraction in the oold 
even if repeated many times does not usually result in complete removal of 
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the polyuronide hemicelluloses from mature lignified tissues such as woods. 
Sands & Nutter [1935] showed that if exhaustively extracted wood is then 
delignihed by alternate treatments with chlorine water and 10% ammonium 
hydroxide, subsequent extraction with cold alkali will remove most of the 
residual hemicelluloses. Their observations have been confirmed, but their pro- 
cedure is not recommended for all purposes because there is undoubtedly some 
loss of hemicellulose in the ammonia extracts. They also employed 10 % NaOH 
for the final extraction, a concentration which is unnecessarily high and causes 
too great an attack on the j8- and y-cellulose fractions. However, their procedure 
in principle depends on the liberation of the residual hemicellulose by attacking 
and removing the lignin. The purity of the final preparation is not much im- 
proved by the solution of the lignin and oxidized lignin in ammonia, because the 
initial NaOH extract of most materials contains a considerable quantity of 
lignin. A procedure which gives an extensive removal of hemicellulose is to 
chlorinate the residue obtained from the initial cold alkali treatment and after 
washing with a little water immediately to extract again with cold alkali of the 
same strength. Prior to the initial treatment the material should be extracted 
if necessary with organic solvents, with warm water and with dilute ammonium 
oxalate if pectin is present. Analyses of some materials which received one 
treatment with 4 % NaOH for 24 hr. and also a second treatment after chlorina- 
tion in faintly acid solution are given in Table III. 

Table HI. Extraction of htmceUulosea by cold 4^1^ NaOH 
before and after chlorination 

Initial treatment 24 hr., chlorination 15 min., final treatment 24 hr. 

All results expressed as % of original material 







Furfur- 








aldehyde 

Total 

Polyuronide 






from 

furfur- 

furfur- 

Material 

« 

Residue 

Lignin 

('ellulosc 

eollulnse 

aldehyde 

aldehyde 

Barley straw 

1 

— 

16-4 

48-6 

7-4 

18-7 

11-3 


2 

58-6 

7*5 

43-9 

5-0 

7-0 

2-0 


3 

39-7 

3-3 

35-2 

2-5 

3-4 

0-9 

Wheat plants 

1 

— 

12-6 

38-4 

6-5 

121 

5*6 


2 

48-9 

5-9 

35-8 

4-9 

6-4 

1*5 


3 

33*6 

2-9 

28-2 

30 

41 

M 

Oak 

1 



223 

.53-9 

9-2 

13-4 

4-2 


2 

83-9 

18'8 

62-9 

81 

10-6 

2-5 


3 

75-0 

16-6 

51-4 

7-3 

8-6 

1-3 

Wheat straw 

1 



16-6 

56-7 

7-7 

16-6 

8-9 


2 

60-8 

7*3 

46-0 

5-8 

8-9 

31 


3 

49-6 

4-2 

44-5 

4*6 

6-0 

1-4 

Jute 

1 



11-7 

74-9 

7-3 

10-6 

3*3 


2 

86*0 

109 

69-7 

51 

7-2 

21 


3 

75-9 

6*9 

67-6 

41 

51 

1-0 


♦ 1= Untreated. 2 Initial alkali treatment only. S^Hesidue from 2 chlorinated and re- 
extracted with alkali. 

It will be seen that these two treatments taking only 48 hr. have brought 
most of the polyuronide hemicelluloses into solution. More can be obtained 
by a further treatment, but this is attended by other dangers, as will be 
mentioned later. 

The possibility of using much more dilute alkaline solutions and carrying 
out the extraction at the boiling point has been examined. The assumption that 
hemicelluloses are unaffected by hot alkali seems generally to be made, though 
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without absolute proof, but it is unlikely that solutions as dilute as were employed 
would result in degradation. The procedure adopted was to boil for 30 min. and 
to alternate this treatment with brief chlorination (Table IV). 

Table IV. Eoctraction of hemicelluloses from oat straw by dihUe 
alkaline solvlion 

Boiled for 30 min., chlorinated for 10 min. 

Furfur- 






aldehyde 

from 

Total 

furfur- 

Polyuronide 

iurfur- 

Treatment 

Residue 

Lignin 

Cellulose 

cellulose 

aldehyde 

aldehyde 

Untreated 

_ 

16-9 

52*9 

9*1 

16*3 

6*2 

0-1% NaOH 

79-6 

12-3 

62*0 

8*2 

14*1 

6*9 

+ 1 chlorination 

72-6 

8-9 

5()*5 

8*0 

13*3 

6*3 

+ 2 chlorinations 

684 

6*6 

50*1 

7*8 

12*9 

6*1 

0-6% NaOH 

585 

44 

50*7 

8*5 

10*2 

1*7 

+ 1 chlorination 

614 

1*9 

45*4 

7*5 

8*8 

1*3 

+ 2 chlorinations 

47-7 

0-7 

43*6 

6*2 

7-6 

1*3 

0'6% NajCOa 

77-1 

11-6 

62*8 

8*7 

13*8 

5*1 

+ 1 chlorination 

67-3 

7*6 

61*0 

8*0 

1.3*1 

6*1 

+ 2 chlorinations 

60-2 

41 

46*7 

7*7 

10*8 

3*1 

2% Na^CO, 

+ 1 chlorination 

70-3 

8*4 

62*1 

8*7 

12*6 

3*9 

60*5 

4*3 

48-3 

7*3 

10*8 

3*6 

+ 2 chlorinations 

53-6 

1*9 

48*1 

6*9 

8*9 

2*0 

MI5 KaHPO^ 

824 

12*8 

.61*5 

8*7 

14*6 

6*9 

+ 1 chlorination 

78*0 

11*0 

61*0 

8*8 

14*0 

5*7 

+2 chlorinations 

73*6 

8*9 

50*8 

8*3 

14*0 

6*7 


The results indicate that removal of hemicelluloses can be achieved under 
conditions considerably less drastic than sometimes eraplo\'(‘d. No general 
method can be suggested because different materials vary considerably in 
behaviour to these more dilute solutions, but a procedure using first 2 % NajCOg 
and then, after chlorination, 0*5% NaOH would result in the solution of the 
major part of the hemicelluloses. 


(c) Purity of hemicellulose extracts and preparations 

Cold alkali, in concentrations from 4 to 10%, as commonly employed, 
extracts hemicelluloses of two types, as well as lignin. Not only do the en- 
crusting polyuronide hemicelluloses go into solution but also some of the 
cellulosan associated with the cellulose. This dual source of the hemicelluloses 
has not been fully recognized and it is a strong criticism of fractionation methods 
that no clear separation is effected. In most cases therefore the preparations 
obtained have been mixtures of polyuronide hemicelluloses with non-uronide 
material from the cellulose. This point is discussed more fully elsewhere [Norman, 
1937]. Up to a point the pol 3 mronide hemicelluloses are more easily extracted 
than the cellulosan and accompanying material from the cellulose, but as the 
conditions of extraction become more drastic so does the proportion of the latter 
to the former increase. In most materials, other than softwoods, the cellulosan 
is xylan, and an investigation of the fractionation of an alkaline extract of 
isolated cellulose has showed that the major part of the xylan is precipitated in 
the Bi fraction of the system developed by Norris & Preece [1930]. The hexosan 
simultaneously removed is not precipitated by copper and should therefore be 
found in the or Cg fraction. 
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The improved fractionation procedure described by Angell & Norris [1936] 
may make it possible to distinguish more satisfactorily between the polyuronide 
hemicelluloses and polysaccharides having their origin in the cellulose, both of 
which will always be present in a simple alkaline extract if the concentration is 
high. Some idea of the relative proportions may be obtained from Table V in 

Table V. Composition of residues from kemicellulose extraction 
Extracted twice for 24 hr. with cold 4% NaOH, chlorinated 16 min., and re-extracted for 


24 hr. with cold 

alkali. 

All results expressed as % of original material 

Furfur- Poly- 
aldehyde Total uronide 

from furfur- furfur- 


Material 

Residue 

Lignin 

Cellulose 

cellulose 

aldehyde 

aldehyde 

P/T* 

Oat straw 


16-9 

52-9 

91 

16-3 

6-2 


Residue 

31-6 

2-7 

26*8 

2-7 

3-5 

0*8 

46 

Holly wood 

— 

190 

63*7 

7-3 

14*6 

7*3 


Residue 

60-6 

121 

47*5 

4-0 

4-9 

0-9 

66 

Wheat straw R 

— 

160 

53-5 

7-7 

16 4 

8-7 


Residue 

51-5 

4*9 

431 

4-9 

6-6 

1-7 

71 

Wheat straw M 

— 

15- 1 

53-5 

10*3 

16-5 

6*2 


Residue 

41*4 

21 

38*3 

3*7 

3-8 

01 

48 

Wheat straw S 



151 

54*3 

9-0 

16-6 

7-6 


Residue 

410 

1-3 

394 

3-6 

4*2 

0-6 

56 

Wheat plants 

— 

12-6 

384 

6-5 

121 

5-6 


Itesiduo 

28*3 

— 

27-0 

2-4 

2*9 

0*5 

65 


* l*/T - KX) X Polyuronide furfuraldehyde reraoved/Total furfuraldehydc removed. 

which are given the analyses of the residues afkT exhaustive extraction with 
4 % NaOH in the cold as commonly employed, followed by brief chlorination 
and further treatment with alkali of the same str(*ngth. The ratio P/T in the 
final column is an expression in terms of furfuraldehyde of the contribution 
made by the }X)l}Tironide hemicelluloses to the total furfuraldehyde in the 
extract. The proportions of polyuronide hemicellulose to cellulose-derived 
material are of course not the same as this ratio, but the figures are sufficient to 
show that in most hemicellulose preparations there is a substantial contribution 
from the cellulose. This is equally apparent if a similar examination bo made 
of the analyses given in Table I. Crude or unfractionated hemicellulose pre- 
parations were obtained from each of the combined extracts from holly wood, 
wheat straw M and wheat straw S by precipitation with acid and excess alcohol. 
After purification the furfuraldehyde yield of the preparations was determined, 
and found to be respectively 55*1, 52*5 and 51*2% on the ash- and lignin-free 
basis. From the data in Table V it is then possible to calculate approximately 
the amount of cellulose-derived xylan and hexosan present, assuming no losses. 
Ill these three preparations this amounted to : 

HoUv wood Wheat straw M Wheat straw S 

0 / 0 / 0 / 

70 /o /o 

Xylan 29-5 42-7 34-6 

Hexosan 6-7 19-7 26-5 

Too much weight cannot be attached to these figures since the experimental 
errors are magnified considerably, but they serve to emphasize again the fact 
that the alkali extract of materials such as straw may not consist predominantly 
of polyuronide hemicellulose. If it is desired to investigate this fraction, and if 
fractionation procedures do not effect a good separation, as seems to be the case 
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at present, other means of extraction will have to be sought. There are in- 
dications in Table IV that a brief hot extraction with 0*5 % alkali has a much 
less drastic effect on the cellulose than extraction with cold 4 % solutions, ^d 
if purity were ()onsidered more important than the completeness of extraction, 
such a treatment for 30 min. or less would be far better. Alternatively there is 
the possibility of working up the sulphite liquors obtained in the isolation of 
cellulose, though there might be difficulties in getting the preparations entirely 
free from lignin sulphonic acids. Whatever means of extraction is adopted an 
analysis of the residue is desirable in order that the relative proportions of the 
various constituents removed may be known. 

There is another aspect of the purity of hemicellulose preparations which is 
sometimes overlooked. Extraction of any plant material with alkali removes 
lignin, often to a considerable extent, some of which may later be precipitated 
according to the conditions adopted. If the hemicellulose is carefully purified 
by redissolving in alcohol and precipitating with acid or acid alcohol a number 
of times and is thoroughly washed with alcohol, the lignin remaining in the final 
preparation is rarely more than 2-3 % . To reduce this further is often difficult. 
Crude preparations may contain as much as 10-15 % . Very few investigators 
have determined the li^n contents of their preparations. Some indeed have 
considered the insoluble residue remaining after simple acid hydrolysis to be an 
integral part of the hemicellulose molecule. For example, Sands & Gary [1933] 
reported 6*5 % of “body X in the hemicellulose A fraction from mesquite wood. 
Because of the strong probability of its presence this must be assumed to have 
been lignin until the opposite is proved, although there is the further possibility 
of formation of a small amount of insoluble matter as a result of the action of 
acid on pentose groups. 

In order to minimize the amount of lignin to be found in the final preparation 
experiments have been directed along two lines: (1) the reduction of the amount 
of lignin in the original alkaline extract before precipitation of the hemi- 
cellulose, (2) the reduction of the amount of lignin still retained by the hemi- 
cellulose preparation precipitated in the usual manner. Of these two alternatives 
the latter is the more effective, since the former cannot be achieved completely 
without some loss of hemicellulose. The procedure which has been found most 
effective is to redissolve the precipitated hemicellulose in dilute alkali, either 
before or after fractionation and to add a small amount of dilute sodium hypo- 
chlorite followed by sufficient acetic or hydrochloric acid to liberate the chlorine. 
After standing 6-10 min., the minimum quantity of alcohol to effect full pre- 
cipitation is added together with more acid if necessary. The precipitate is 
immediately filtered off and washed carefully with more alcohol of the same 
concentration. It is of importance that the alcohol concentration should not be 
higher than necessary since the lignin oxidation products seem to be less soluble 
in high concentrations. In practice two such treatments have been found to give 
excellent preparations. The expedient of first precipitating all the heraioelluloses 
from the extract by addition of acid and excess alcohol has been adopted 
followed by fractionation of the partially purified product. One chlorination 
may conveniently be given at this stage and the treatment repeated later if 
necessary on the individual fractions after separation. Preparations of low ash 
content have been obtained more readily by using hydrochloric acid for acidifi- 
cation rather than acetic acid as commonly employed. 
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SUMMAEY 

L If hot alcoholic NaOH is to be used as a pretreatment before hemi- 
cellulose extraction, it should be established by analysis of the residue that the 
furfuraldehyde-yielding constituents have not been attacked. The fact that no 
furfuraldehyde can be obtained from the precipitate formed on acidification 
of the alcoholic extract is not conclusive proof that no degradative attack has 
occurred. 

2. Extensive removal of hemicellulose material may be effected by extraction 
with cold 4% NaOH alternated with brief chlorinations. Such extracts may 
contain a high proportion of cellulose-derived polysaccharides. Brief extraction 
with hot, more dilute alkali has a less drastic effect on the cellulose and such 
extracts may consist largely of polyuronide hemicelluloses. 

3. The lignin content of hemicellulose preparations should always be deter- 
mined. It may be reduced by brief treatment with chlorine and thorough 
washing with alcohol of moderate concentration. 
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The cellulose of most plant materials and woods differs from cotton cellulose in 
many respects. In the first place, separation from other cell wall constituents 
can only be achieved by a more or less severe treatment, in contrast to that of the 
cotton hair which can readily be purified. In the second place, the product 
obtained, while consisting mainly of “true cellulose” as typified by that of 
cotton, is not exclusively so, and contains also other polysaccharides, intimately 
associated and tenaciously retained. For this group Hawley & Norman [1932] 
have suggested the name “ cellulosan ” implying thereby a hexosan or pentosan 
found with the cellulose and held in some way by it. In this paper will be 
described some observations on the celluloses of certain plants, mostly cereal 
straws, which have a high cellulosan content. Attempts have been made by 
chemical means to obtain information as to the relationship between the “true ” 
cellulose and associated cellulosans. A parallel investigation, involving the 
X-ray examination of cellulose fibres high in cellulosan, has been carried out in 
conjunction with Mr W. T. Astbury and will be reported later. 

The present concept of the structure of the cellulose molecule has been de-' 
veloped by a combination of chemical and physical methods, which have shown 
that the peculiar and valuable properties of cellulose are not conferred by its 
molecular size so much as by the state of molecular aggregation in which it 
ordinarily exists. While actual replacement of any of the side hydroxyls in the 
units of the cellulose chain would not affect the strength of the chain longitudin- 
ally , the increased separation of the chains by the substitution of larger groups 
for the hydroxyls would tend to weaken the fibrous structure of the aggregate by 
overcoming the secondary valency forces responsible for lateral stability. It is 
s^ted that nitrocellulose retains its fibrous structure better than the acetate, 
since in the latter wider separation is brought about. In view of these facts, the 
existence of lignocellulose or pectocellulose as a definite combination between 
oriented cellulose and lignin or pectin cannot be admitted and the possibility of 
direct combination between cellulose and cellulosans is similarly ruled out. The 
evidence to ^ presented is in accord with the view that the cellulosan molecules 
participate in the cellulose micellae and crystallites in the same way as do 
the individual cellulose chains. The commonest cellulosan is xylan, though in 
Gymnosperms mannan is characteristic. The xylan from esparto has been shown 
to be a l:4-anhydroxylose, the xylose units being of the normal amylene oxide 
type [Hampton et al.^ 1929]. A terminal group of Z-arabinose has also been de- 
tected in this particular case [Haworth et d. 1934]. The xylan unit therefore 
^ers fern the glucose unit in cellulose only in that the terminal oarbinol group 
is missing. Such units are of the same size and would occupy the space 

( 2054 ) 
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longitudinally. The mannan formed in the cellulose from G 3 minosperms has not 
been investigated, but by analogy is likely to be also a l:4-anhydrohexo8e and, 
therefore, sterioally similar in size to the cellulose and xylan with which it is so 
intimately associated. 

The cellulosans are probably laid down with the cellulose as it is formed and 
participate in the oriented bundles of molecules that form the micellae of the 
fibres. They would be retained by secondary valency forces just as the cellulose 
chains are themselves stabilized in that way. Because of the absence of a pro- 
jecting carbinol group, in the case of xylan at least, these forces might be ex- 
pected to be less powerful than those between the cellulose molecules themselves. 
Some evidence be presented later on the relative rates of removal of xylan 
and mannan from natural celluloses containing both. Further, the molecular 
size, or rather the length of the chain of sugar units, is considerably less in the 
case of the cellulosans than in cellulose itself. As a result of their retention by 
secondary valencies weaker than those between the cellulose chains and of their 
smaller molecular size they might be expected to l)e extractable, if with some 
difficulty. The actual form of participation of the ceUulosans in the micellae is, 
at present, a matter of speculation. They undoubtedly form a normal integral 
part of the cellulosic structure of the plant cell wall and fibres, and any study of 
natural celluloses should include this group in as unchanged a condition as 
possible. 

Preparation of cellulose. 

Norman & Jenkins [ 1933 ] described a method for the determination of cellu- 
lose which could readUy be adapted for large-scale preparations. Previously 
chlorinations for the removal of lignin have been carried out by some modifica- 
tion of the original procedure of Cross & Bevan [1918] employing gaseous chlorine, 
by which means it is impossible on a laboratory scale to treat more than a few 
g. at a time. By the use of dilute hypochlorite solutions quantities up to 1 kg. 
may be readily treated. Six or seven treatments are required for such materials 
as cereal straws in bulk and rather more for woods. The final washing must be 
continued until no trace of sulphite is detectable in the filtrate. 

A. Effect of heat on cellulose preparations. 

Cellulose pre|>arations containing cellulosan undergo an ureversible change 
on oven-drying, as a result of which a fraction becomes soluble in hot water. If 
this be removed and the preparation again oven-dried, a further but smaller 
fraction can be extracted. This process can be repeated apparently indefinitely. 
Fig. 1 shows the losses from a sample of oven-dried wheat straw cellulose on 
boiUng with water, the cellulose being oven-dried overnight between each 

Table I. Extraction of wheat straw ceUiilose, wet and oven-dried. 


Initial furfiiraldehyde yield 13*88%, equivalent to 21*59% xylan. 



Total loss % 

A 

Loss of xylan ' 

Treatment 

Wet 

Dry 

Wet 

Dry 

3*0% NiuSOa 2x20 min. hot 

5*0 

7*8 

M 

2*8 

0*26% NaOH 1 hour hot 

11*7 

19*0 

3*3 

6*0 

1*0% NaOH 1 hour hot 

17-5 

22*0 

6*4 

7*2 

4*0% NaOH 3 hours cold 

18*8 

22*5 

13*2 

16*4 

0*25% Hi^Oa 1 hour hot 

9*4 

11*7 

4*7 

0*2 

2*5% H1SO4 1 hour hot 

11*9 

15*6 

7*7 

10*4 
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treatment. Alter me nim exiracwon ®no iyjjm — “ — — 

mined, Whereae the aggregate loss was 18-8 % the xylan removed accounted for 

only 8*9 %, or about half, - . 

Hie effect, therefore, is not solely concerned with the oellulosan fraction. 
Further, the effect of heat-drying also renders the cellulose prej^rations more 
susceptible to extracting and hydrolysing agents, as shown m Table I m which 
the losses from wet and dried preparations are compared. Ag^, the cMerences 
are not wholly due to an effect on the xylan, and must anse m part from a 
change in properties of a portion of the “true” cellulose fraction. 

To determine whether this effect is due to the removal of water m drying or 
the application of heat, or both, a large batch of oat straw wllulose sub- 
divided and dried in different ways. These samples were then extracted by 


Number of treatments 


Number of treatments 


I 


40 


13^2^ 1 mofAmal T^rni^nnArl L 

on repeated drying of wheat straw Fig. 2. Hrpeated extraction and drymg 

cellulose (xylan 20-3 %). of oat straw celluloses. 



boiling with water for 15 min., and since the effect of certain initial treatments 
was noticed to persist after the first extraction, all the residues after drying for 
16 hours at 1()0° were twice re-extracted with water and again dried. The results 
are summarized in Table 11. 

Exposure to heat seems to be the vital factor in this phenomenon. Whereas 
there was little difference in the material when air-dried, alcohol-dried or dried at 
40°, higher temperatures enhanced the amount of water-soluble material obtain- 
able. Air-dried or alcohol-dried samples subsequently exposed to heat were 
similar in properties to those directly given the same heat treatment when wet. 
Wet samples which were alternately rapidly frozen and thawed showed no 
change in properties. 

Results of a similar character were obtained when extracting agents other 
than water, such as dilute acids and alkalis were employed. The effect of ex- 
posure to heat results in some modification of the properties of a portion of both 
components of isolated plant celluloses, which is manifest in increased sus- 
ceptibility to extracting and hydrolysing agents. Moreover, this effect may be 
demonstrated repeatedly upon the same sample. The increments of water- 
soluble material Income smaller, but are still appreciable after many treatments. 
In Kg. 2 the amounts removed from two samples of cellulose alternately 
dried and extracted are shown. Over the first twelve treatments the xylan 
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Table II, Loss on water fraction of oat straw cellulose 
dried by various means. 

All results expressed on basis of 100 g. oven-dried material. 


Total loss 


Series 

Treatment of cellulose 

Extraction 

Residue from Residue from 
I, dried 16 II, dried 16 
hr. at 100® hr. at 100® 
Extraction Extraction 

I 

II 

III 

A 

Wet 

4-3 

6-2 

8-7 

B 

Air-dried; room tcm{)erature 
(moisture content 7*53%) 

4-7 

6-5 

9*0 

C 

Alcohol -dried, room 
temperature 

.5-2 

7-5 

9*1 

I) 

Dried at 40® 

6-3 

7-9 

9*9 

E 

Dried at 60® 

6-3 

9-0 

11*6 

F 

Alcohol -dried; put in l)onzene, 
heated under va<’uum at 80® 
for 10 hr. 

6-2 

7*0 

9*5 

G 

Dried at 80® 

6*6 

9-3 

11*3 

H 

Oven-dried, 100® for 8 hr. 

6-8 

11-6 

13*6 

I 

Air-dried, then heated at 100® 
for 16 hr. 

7-6 

9-7 

14*0 

J 

Alcohol-dried, then heated at 

100® for 16 hr. 

71 

10-9 

14*2 

K 

Vacuum-dried, at 100® 

8*1 

10*2 

12*8 

L 

Dried at 120® for 16 hr. 

8*9 

11-9 

13*3 

M 

Dried at 160® for 16 hr. 

9*6 

11-7 

142 


Cellulose contained initially 32-3 % xylan. 


removed accounted for about half the total loss and rather less after 20 treat- 
ments, at which point 80% of the xylan had been removed, as compared with 
a loss of about 25% of the “true cellulose”. The xylan or cellulosan is 
therefore much the more susceptible fraction. Concurrently a distinct change in 
physical properties was observed on repeated extraction, the cellulose residue 
becoming less cohesive and losing the slightly gelatinous property which caused 
it origin^iy to dry to a close hard mass, being instead light and friable. 

Whilst the effect of heat on plant celluloses is to cause the formation of some 
water-soluble material, and whilst this effect can be repeated apparently in- 
definitely, it must be pointed out that pure cotton cellulose does exhibit the same 
phenomenon, but to a much smaller extent. An unbleached cotton yam from 

Table III. Loss on water and citric acid extraction of cotton cellulose^ 
oat and wheat straw cellulose after drying at 100"^ overnight, 

Expressed on 100 g. cellulose (oven-dried basis). 

Water: 16 min. 0*6% citric acid: 1 hr. 


Extraction 

Cotton 

Oat 

straw 

Wlieat 

straw 

Cotton 

Oat 

straw 

Wheat 

straw 

I 

3*6 

6*8 

7-3 

7*6 

13*6 

11*8 

11 

4*3 

11*6 

9*4 

7*8 

21*2 

17*6 

III 

4*9 

13*6 

11*0 

8*4 

26*6 

23*3 

IV 

6*2 

17*1 

13*0 

8*7 

28*8 

26*1 
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high quality long fibre Egyptian ootton was treated with water and 0*5% dtrio 
acid for comparison with cereal straw celluloses. The results are given in Table III. 

The isolated celluloses of cereal straws, containing as they do some 20% 
xylan, are dearly much more affected by heat-drying than is pure cotton cellu- 
lose entirely free from xylan. Since it is evident that the water-soluble material 
formed cannot be solely accounted for from the xylan, the inference is that the 
presence of cellulosan weakens the whole oellulosic aggregate and causes a 
greater degree of susceptibility to the effect of heat. 

The nature of the waier-solubk rmtericd. 

The aqueous extract obtained on boiling an oven-dried cellulose preparation 
is only slightly reducing. For example, 1 g. oat straw cellulose extracted after 
oven-drying lost 68 mg. The extract titrated by the Shaffer-Somogyi [1933] 
micro-method contained reducing groups equivalent to 0*4 mg. glucose, a re- 
ducing value of 0*58 % on the material extracttnl. Having established that the 
water-soluble material produced by drying is not liA^drolysed by aqueous extrac- 
tion, preparations were made from various isolati'd celluloses. The dried cellulose 
was boiled with water for 15 min. and the extract, after filtration, concentrated 
to a small volume under reduced pressure. To this straw-coloured liquid 5 vol. 
of alcohol were added, the white precipitate which formed being washed with 
acid alcohol, dried with increasing concentrations of alcohol and finally in a 
desiccator over fused zinc chloride. The preparations were slightly gre 3 dsh white 
in colour, very light and hygroscopic. 

Analyses showed that the preparations contained both hexose and pentose 
units as would be expected and some uronic acid groups. The anhydropentoso 
content varied from 60 to 75 % and uronic acid anhydride from 5 to 8 % accord- 
ing to the source. Acidic groups were titratable with N/50 NaOH using thymol 
blue as indicator. A study was made of the rate of hydrolysis of certain of these 
preparations, the reducing sugar formed being titratt^l by the Shaffer-Somogyi 
micro-method, with the modification that the time of heating was increased to 
25 min. since the shorter period recommended for glucose did not give complete 
recovery of xylose. The initial reducing values l)efore hydrolysis were low, but 
rather variable, from 0*17 to 3% calculated as glucose. Hydrolysis by boiling 
with dilute mineral acids was rapid, but the recoveries of sugar were not very 
satisfactory. The shape of the hydrolysis curves did not suggest that there was a 
resistant portion unattacked by any of the acid strengths employed, but rather 
that the incompleteness of the recovery must be ascribed to destruction of sugar. 
It is known that high yields of xylose from xylan are difficult to obtain [Heuser 
& Brunner, 1922 ; Heuser & Ja 3 mie, 1923] and that the decomposition of pentoses 
during the hydrolysis of pentosans is greater than in controls of pure sugar 
similarly heated with acids. Since all the preparations were relatively rich in 
xylan, destruction of xylose probably accounted for the low sugar jdelds. The 
recovery of sugar from two preparations from oat straw cellulose is shown in 
Table IV. 

Since a strong probability existed that these preparations were not homo- 
geneous, an attempt was made at separation by precipitation at different alcohol 
concentrations. Four fractions. A, B, C, D, were obtained at 48, 65, 85 and 95 % 
alcohol concentrations respectively. The yields from 90 g. oat straw cellulose 
were A, 1*6 g.; B, 0*39 g.; C, 0*14 g. and D, 0*04 g. The furfuraldehyde yields 
indicated the xylan contents to be respectively 70*5, 43*4 and 52*8%, the 
amount of D available being too small for any determination. The 
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Table IV. Hyd/rolysia of toaUr-aolubk material from 
oven^dried oat atraw ceUuloae, 


% sugar liberated expressed as apparent glucose. 


Add 

concentration 

2S%k,SO, 

10% oxalic 
2*6% H^S 04 
72% 

3% urn. 


Time 

Prep. 1 

Xylan content 
68-5% 

Prep. 2 
Xylan cont 
73*4% 

5 hr. 

88-3 

89-2 

3 hr. 

82*9 

89*8 

3 hr. 

82*8 

86*6 

3 hr. 

93* 1 

85*9 

1 hr. at 1 atmoR. 

84-2 

85G 

2 hr. cold, diluted to 

79-7 

81*5 

3% and boiled 2 hr. 

1 hr. 

70-7 

_ 


reducing value of the main fraction A was 1*09 % in terms of glucose. The hydro- 
lysis curves obtained with 10% oxalic acid and 0*15 N H 2 SO 4 were similar in 
shape, and the recoveries of sugar again unsatisfactory. 

Evidence that the main fraction A obtained at the lowest alcohol concentra- 
tion was still not homogeneous was given by separation by other means. A small 
amount was dissolved in cold 1 % NaOH and Fchling’s solution added. The blue 
precipitate which formed, after washing with 50% alcohol, was suspended in 
alcohol containing HCl and washed free from copper. This precipitate was found 
to yield furfuraldehyde equivalent to a xylan content of 86 %. The yield how- 
ever WJI .8 small and did not represent all the xylan in the sample taken. A similar 
partial separation of xylan was effected by adding alcohol to the alkaline filtrate 
from the copper precipitation above. A fraction was obtained at an alcohol 
concentration of 50 % which on subsequent wasliing and drjdng was found to 
contain 84% xylan. Both procedures gave a fraction richer in xylan than the 
original preparation, which might be held to substantiate the view that the 
hexosan and pentosan are not combined. 

The alct)holic filtrates from the precipitation of the water-soluble substance 
contained a small quantity of material not precipitated even at an alcohol con- 
centration of more than 95 %. This was obtained by distillation under reduced 
pressure to a very small volume which was then made up to 10 ml. The solution 
was golden brown in colour and strongly reducing. On hydrolysis with acid the 
reducing value increased only about four or five times, an mdication that the 
molecular size of this fraction must have been small. Figures for three such 
rtisidues are given in Table V. 


Table V. Reducing pouter of alcohol-soluble fraction, 

Kxpmiaed as rag. glucose. 



I 

II 

III 

Direct 

48*3 

37-6 

33*0 

Hydrolysed for 1 hr. 
with 6% H,S 04 

180*0 

111*0 

— 

Hydrolysed for 3 hr. 
with 2*6% Hj ^04 


*“ 

142*0 


Changes in the cellulose as a result of drying. 

There are few tests that can be applied to cellulose itself to obtain information 
bearing on the effect of heat-drying. Degradative changes are usually accom- 
panied by an increase in the copper number as a result of the production of 
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reduoing groups. Such an increase was observed, the method employed bemg the 
Heyes [1928] modiiioation of the Schwalbe-Braidy procedure. A sm^ concurrent 
increase was found in the yield of CO 2 on distillation with 12 % HCl presumably 
owing to the production of uronio acid groups. It is not certain, however, ttiat all 
the CO 2 given by cellulose is due to this grouping. The figures are given in Table VI. 

Table VI. Changes in copper number and CO 2 yifdd m drying wheat ceUvlose* 


Treatment of cellulose 

Copper 

iiumW* 

00, 

numb^t 

Wet 

0-60 

0-30 

Air-dried 

0-76 

0-43 

Oven-dried, 16 hr. 

0-83 

0-45 

Oven-dried and extracted with water 

0-98 

0*46 

twice, then air-dried 

Oven-dried, 48 hr. 

2-07 


* Weight of copper reduced by 100 g. cellulose (dry), 
t Yield of COg on distillation of 100 g. cellulose (dry). 



The changes, though small, are in the same direction as observed in the 
production of oxycelluloses and are, no doubt, of a similar type. 

Discussion of the above observations. 

This effect of heat drying of plant celluloses does not appear to have been 
directly recorded before, though in a brief paper by Sherrard & Blanco [1932] 
some experiments are given in which the same phenomenon undoubtedly 
occurred. They showed that from white spruce cellulose, kept wet, some material 
could be removed by prolonged boiling with water, but after drying the losses 
from the cellulose were heavier. Partial hydrolysis due to the long period of 
boiling was however the chief factor concerned in their experiments. iVom the 
extract, by concentration and precipitation with alcohol, a white powder was 
obtained, rather similar to those prepared in this work, in that it was very 
hygroscopic and easily hydrolysable U) sugars. Experiments on the drying of 
wood made by Camp^ll & Booth [1930; 1931] showed a slight increase in the 
hot water-soluble fraction as a result of treatment at lOO'^ or 105°, a fall in the 
Cross & Be van cellulose content and a definite increase in alkali-solubility. 
These changes may be in part accounted for by the effect of heat on the cellulosic 
fraction. 

The observations described in this paper do not admit of any ready explana- 
tion on the basis of present theories of the arrangement of cellulose molecules. 
The removal of water by drying is likely to modify conditions within the micellae. 
Shrinkage will occur and strains be set up as a result of the withdrawal of the 
“packing” provided by the water molecules. This disturlmnce might be expected 
to make for an increased susceptibility to the hydrolytic action of boiling water 
or stronger reagents. The observed effect of heat is, however, more diflicult to 
imderstand. Alcohol-dried and air-dried samples subsequently exposed to a 
temperature of 100° were considerably affected by this further treatment fr*om 
which water relationships are excluded. The effect of moderate temperatures on 
cellulose has been little studied. Profound changes take place on prolonged 
heating; indeed, it has been stated that complete carbonisation may occur in the 
course of a few months at 120°. Knecht [1920] has shown a rapid loss of colour 
and strength in cotton exposed at 93°. Whatever be the nature of the changes 
caused by the application of heat, plant celluloses containing oellulosans are 
very mudi more affected than is pure cotton cellulose. Both the initial loss on 
extraction and the further increments obtained by repeating the treatment are 
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considerably larger than in the case of cotton. The extra amounts are only in 
part accounted for by the cellulosan removed. The “true"’ ceUulose aggregate 
is therefore less resistant than cotton or is weakened in this respect by the 
presence of cellulosan molecules within the micellae. The preparations of water- 
soluble material obtained do not throw much light on the nature of the changes 
responsible for the production of this fraction. The presence of two components 
which are undoubtedly affected to a different extent by the treatments means 
that any preparation will be a mixture. The cellulosan fraction is more affected by 
heat treatment than is the “true '' cellulose since the xylan content of the water- 
soluble preparations was about 70 %. It must be presumed that the effect of 
heat is to cause a breakage of some of the cellulose chains, and probably but not 
essentially a breakage of the xylan too. Evidence for chain breakage is provided 
by the increase in “copper number” values. 

At the same time, some oxidation undoubtedly occurs with the production of 
uronic groupings and possibly also of terminal carboxyl groups of the gluconic 
type which would not be included in the estimation by COg 5 deld. Without 
assuming definite breakage of the cellulosic chains as a result of heat, it is not 
possible to account for the production of further water-soluble fractions, ap- 
parently similar, on wetting and re-exposing to heat. The water-soluble material 
may supposed to consist of cellulosic fragments still of considerable though 
variable size and partially oxidized, mixed with cellulosan or degraded cellulosan 
molecules. Fractionation of the water extract was undertaken since it seemed 
likely that cellulosic fragments of diminishing moltjcular size might be precipi- 
tated by increasing alcohol concentrations and that differences in these might be 
evident in the rates of hydrolysis. In fact, however, the major part of the material 
removed precipitated at a relatively low alcohol concentration. No information 
exists as to the limit in number of glucose units in a chain imposed by water- 
solubility. A very small portion of the extract was strongly reducing and, since 
hydrolysis increased the reducing value only three or four times, the chain length 
of this fraction was probably quite short. The reducing value of the preparations 
was low, but cannot be taken as a reliable or even approximate index of average 
chain length because, owing to oxidation, the terminal groups might well be 
carboxylic rather than aldehydic in nature. 

These observations may be of practical importance in two directions. In the 
first place, there is the possibility that the drying of any plant material before 
isolation or determination of the cellulose in it may have so changed the balance 
between ccdulosc and cellulosan that the product obtained is not truly repre- 
sentative. It is not certain that in situ and in association with other cell wall 
constituents such a change would occur. If it does, this is clearly a normal 
process in senescence and would take place during the ripening of straw, for 
example. Experiments to test this point are at present inconclusive, owing to the 
difficulty of grinding fresh tissues to as fine a state of division as dried materials. 
In routine work, at present, cellulose determinations are carried out on air-dried 
rather than oven-dried material. 

A further implication of this work lies in the decomposition of cellulose by 
micro-organisms. The fermentation of celluloses which contain cellulosan has 
been little studied, the substrate in most work of this type? being the pure 
celluloses of filter-paper or cotton. Heat treatment of a plant cellulose by 
producing a water-soluble fraction might expedite attack on the aggregate. If 
higher temperatures, possibly up to 140®, were employed, such a preliminary 
“cracking” might result in a more effective and rapid decomposition. This 
point is at present under investigation. 
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B. HyDBOLYSIS Al^D BXTBACnOlT OF OBLLULOSB PBBPAIUTIONS. 

Although most celluloses consist of two components, cellulosan and “true** 
cellulose, no quantitative separation has ever been achieved. The properties of 
the oellulosans are, with certain limitations, those usually described for the 
encrusting polyuronide hemicelluloses. That is to say, they are soluble in cold 
dilute alkalis and hydrolysed to their constituent sugars by boiling with dilute 
mineral acids. Limitations are conferred by reason of their association with the 
cellulose. The purpose of the work to be described was to investigate the removal 
of the oellulosan fraction of some celluloses by hydrolysis with acids and extrac- 
tion with alkali. 

There are few references in the literature to any previous work on this subject, 
indeed, only one paper, by Hawley & Fleck [1927], deals directly with the action 
of dilute acids on isolated cellulose. They showed that wood cellulose is hydro- 
lysed much more readily than cotton cellulose and claimed that from softwood 
cellulose all the mannan and most of the pentosan might be removed with ease. 
The effect of dilute acids on cotton cellulose, as followed by the liberation of 
sugar, was determined by Wohl & Blumrich [1921] who found that the acid 
extract filtered free of cellulose had an increased reducing value on further 
boiling, indicating the presence of some compound intermediate between cellu- 
lose and glucose. A number of workers have studied the hydrolysis of wood with 
dilute mineral acids at ordinary temperatures and under pressure. Miller & 
Swanson [1925] showed that as a result of such treatment the cellulose is much 
reduced, a portion being lost at very low acid concentrations. This easily hydro- 
lysable portion, amounting to about 13 % of the cellulose, was, no doubt, largely 
oellulosan in nature. 

Only recently has it been realized that the cellulose of plant materials and 
woods is much less resistant to the action of acid and alkali than is cotton 
cellulose. Any treatment other than in neutral solution should be avoided in 
handling materials from which the ccdlulosc is to be prepared or determined, in 
order that the integrity of the cellulose may be preserved. The nature of the 
attack brought about by acid and by alkali is shown in the following experi- 
ments. In view of the observations on the effect of heat-drying, all preparations 
were kept wet, and the treatments to be describ(*d were carric^d out on the wet 
material, due allowance being made for the moisture content. 

1. Hydrolysis, 

The effects of hydrolysis were studied by treating small samples for various 
times under standard conditions. The residues after thorough washing and drying 
were weighed and used for furfuraldehyde determinations. Reducing sugars 
were estimated directly in the extract using the Shafl’er-Somogyi [1933] micro- 
method. The acid extract was also further hydrolysed by boilhig again for 
3 hours after adjusting the acid concentration to 4 % in each case. The Cueing 
values of the extract both direct and after rehydrolysis are expressed as apparent 
glucose, it having been determined that the curve for xylose with this reagent is 
almost identical with that for glucose. With this uiformation a full picture of the 
changes taking place on hydrolysis may be obtained. In Tables VII and VIII 
respectively are given the results obtained on the celluloses of oat straw and oak. 

Considering first the series on oat straw cellulose given in Table VII, this 
cellulose was foimd to undergo appreciable loss with acid as dilute as 0*1 % 
(N/50) and in a period as brief as half an hour. Hydrolysis was progressive with 
time in this and all higher concentrations. Three important facts emerge and may 
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Table VII. Hydrolysis of oat straw cellulose with acids at the boiling point. 
Furfurcddehyde yields 17*82^ equivalent to xylan 27^62 ^ I q. 

All results expressed on the basis of 100 g. original cellulose. 


Cone, of 
H1SO4 Time 

% in hr. liesidue 

0-1 i 931 

2 B9-3 

6 88-2 

16 84*4 

0*26 1 87-3 

2 85-7 

3 840 

5 82-7 

10 79-4 

1*0 i 850 

1 83*9 

2 82-8 

3 81-7 

5 81-3 

10 112 

30 J 84-7 

1 82-8 

2 80-7 

3 79 1 

5 70'.j 

10 720 

50 i 810 

1 80‘0 

2 78- 1 

3 7(i-2 

5 74-7 

10 07-3 


Xylan 

in 


Hexosan 

Xylan 

lost 

residue 

lost 

(diff.) 

23-4 

4*2 

2*7 

21-4 

6*3 

4*4 

20-8 

6*8 

4*9 

17*1 

10*5 

5*0 

19*8 

7*8 

4*8 

18*1 

9*6 

4*8 

17*5 

10*1 

5*3 

16*2 

11*4 

6*8 

15*0 

12*6 

8*0 

171 

10*5 

3-9 

16*9 

10-7 

.5*3 

16-3 

11*3 

5*9 

15-2 

12*4 

.5*9 

14* 1 

13*5 

5*2 

8*9 

18*7 

41 

16*8 

10*8 

4*5 

Ifj-2 

12*4 

4*7 

12*8 

14*8 

4*5 

11*5 

10*1 

4*8 

9J) 

17*8 

5*7 

50 

22*0 

0*0 

14-4 

13*2 

,5*1 

138 

13*9 

5*6 

11-7 

10*0 

.5*9 

9*9 

17*7 

0*0 

8«I 

19*5 

5*8 

3*5 

24*2 

H*() 


Sugars 

Sugars 

Xylan loss 

in 

on re- 

Total loss 

extract 

hydrol. 

/<) 

21 

8-8 

61 

4*2 

10*2 

59 

6*0 

12*1 

58 

10*7 

1.3*7 

07 

4-5 

9*9 

67 

6-5 

12-2 

67 

7*4 

12*5 

60 

lOf) 

13* 1 

60 

14-8 

14*2 

66 

5*8 

11*7 

73 

8*0 

13*9 

67 

12*0 

14*6 

66 

135 

14*8 

(i8 

15*9 

10*9 

72 

224 

214 

82 

10-9 

144 

71 

14*2 

15*8 

72 

17*1 

17-7 

77 

18*0 

18*9 

77 

19 4 

2()-3 

Id 

24*9 

25-5 

79 

13-3 

15*4 

72 

10*5 

10-9 

72 

19*2 

20*3 

73 

21*2 

* 

75 

240 

* 

77 

27*3 

* 

74 


* Not determined. 


bo enumerated at once. Firstly, there is no apparent break in the continuity of 
the reaction with any of the concentrations of acid eraploycKl. If th(» t‘ff(‘ct 
product^ on the cellulose in any selecW time is plotted against the acid concen- 
trations smooth curves are obtaiiud, giving no indication of a fraction or frac- 
tions particularly susceptible to removal. Secondly, in no case did the xylan 
removed account for the whole of the loss sustained by the cellulose. There was 
evidently a concurrent extraction of hexosan, which presumably has to be con- 
sidered as an attack on the true cellulose, though this point will be discussed 
more fully later. Thirdly, the reducing values of the filtert*d extracts obtained 
with all the lower acid concentrations were such as to indicate that the material 
removed had not undergone complete hydrolysis to reducing sugars. On in- 
creasing the add concentration of the filtered extract to 4 % in those cases in 
which it was originally less than this, on fmther boiling, the reducing values 
increased until the apparent sugar content was approximately equivalent to the 
total loss in the natural cellulose. The agre^ements were not very precise, no 
doubt owing to the instability of xylose in dilute mineral acid as referr^ to in the 
previous section. 

Reviewing the series as a whole, the xylan may be said to be fairly readily 
removable by dilute acids, the maximum loss of 87 % of the total xylan being 
achieved in 16 hours with 5 % acid. With lower concentrations and in shorter 
periods the amount was almost proportionately less. The same, however, is not 
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Table Vra. Hydrt^sU of oak ceUvhae with acids. Furfuraldehyde 
yield^l6’93'’l), equivalent to xylan 2i-69''l0. Lignin— 0’79'*lo- 


Cone, of 

/o 

01 


0-26 


10 


30 


6-0 


10 


All results expressed on the basis of 100 g. original cellulose. 


Time 


Xylan 

in 

Xylan 

Hexosan 

lost 

Sugars 

in 

Sugars 
on re- 

Xylan loss 
Total loss 

in hr. 

Residue 

residue 

lost 

(diff.) 

extract 

hydrol. 

% 

i 

92-3 

20-2 

4-5 

3*1 

0*6 

1-9 

69 

1 

90-1 

19-8 

4-9 

4-9 

0-9 

64 

60 

2 

88*5 

18*8 

6-9 

5-6 

1-7 

6-8 

51 

3 

88-0 

18*0 

6-7 

6-3 

2-3 

74 

65 

5 

861 

17-7 

7-0 

0*8 

3-6 

84 

50 

16 

83-9 

16-0 

8-6 

7-5 

8‘6 

11-2 

53 

i 

90-3 

201 

4-6 

51 

1-0 

61 

48 

1 

89-7 

191 

5-6 

4-7 

2-0 

6*6 

64 

2 

87*8 

17-9 

6-7 

54 

3-5 

83 

55 

3 

86- 1 

17-6 

70 

6-8 

i5-8 

9-9 

60 

5 

854 

17-3 

74 

7-2 

8-0 

10-6 

61 

16 

8M 

12-9 

11*8 

71 

12-9 

11'6 

59 

i 

88-1 

17*6 

7-2 

4-7 

3-0 

7-8 

61 

1 

87-2 

17*3 

74 

54 

.5-9 

8-9 

58 

2 

84-9 

161 

8-6 

6-6 

91 

11-7 

67 

3 

83*7 

164 

9-3 

7‘0 

IM 

131 

57 

6 

80-8 

134 

11-3 

7-9 

14-9 

15-2 

69 

16 

74-2 

8-8 

16-9 

9-9 

19*3 

* 

62 


86-7 

164 

8-3 

60 

7-9 

10*6 

62 

1 

844 

15() 

9-6 

60 

121 

124 

62 

2 

8M 

130 

11-7 

7-2 

151 

16-3 

62 

3 

77‘8 

10-9 

13*8 

84 

164 

164 

62 

6 

74-7 

8-5 

16-2 

91 

20*2 

• 

64 

16 

69*3 

4-2 

20-5 

10-2 

24-6 

— 

67 

i 

84-5 

14-8 

9-8 

5-7 

112 

no 

63 

1 

79-9 

12-5 

12-2 

7-8 

15-5 

16-2 

61 

2 

76-9 

101 

14-6 

8*5 

184 

18*3 

63 

3 

754 

8-9 

15-8 

8-8 

22- 1 

♦ 

64 

5 

71*3 

64 

18-3 

104 

23-r) 

— 

64 

16 

64-9 

2‘8 

21-9 

13*2 

26-5 


62 

i 

76-2 

9-9 

14-8 

90 

10*8 


62 

1 

73*6 

8*6 

161 

10-3 

13 1 

— 

61 

2 

68-8 

6-8 

18-8 

124 

150 

— 

60 

3 

66-8 

44 

20-3 

l(>-5 

16-5 


61 

6 

60-2 

31 

21-6 

18-2 

16-5 


65 

16 

67-5 

1-3 

234 

19- 1 

16-5 


56 


♦ Not determined. 


true of the hexosan removed. Tlie results suggest the prestmee of a little over 5 % 
of hexosan material removable from the cellulose by acid. On prolonged boiling 
this amount was somewhat increased. The hexosan docs not show the same 
progressive removal as the xylan and the ratio of xylan loss to total loss in- 
creased with time except in the case of very dilute acids when it remained more 
or less constant. The material removed had not undergone complete hydrolysis 
to reducing sugars, though hydrolysis must have proceeded to a very consi^r- 
able extent, for in only one experiment was the reducing value as much as 
doubled on rehydrolysis of the extract. The loss of xylan and hexosan must be 
ascribed largely to hydrolysis and not simply to extraction. 

The results on oak cellulose given in Table VIII lead to similar conclusions. 
Some differences in degree are ^cemible and these are manifestations of the 
individuality of the cellulose. The xylan was rather less readily removed by very 
dilute acids, and whereas in oat cellulose about 5 % hexosan was removed con- 
currently with the xylan, that fraction of the oak cellulose was more susceptible, 
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and seemed to be progressively attacked. With low concentrations of acid, the 
hexosan removed was almost equal to the xylan, the ratio of xylan lost to total 
loss being about 50%. With higher concentrations this ratio increased but was 
not so high as that given by the oat cellulose. In another respect, too, differences 
were not^ between the two samples of cellulose, the filtered acid extracts ob- 
tained being less completely hydrolysed in most cases. 

Attempts were made to carry out a similar series of hydrolyses on a softwood 
cellulose, and although the removal of the xylan component could be followed 
accurately, it was not possible to distinguish in the dilute extracts between the 
mannose from the cellulosan and the other hexosan material presumably from 
the cellulose. 

2. Extraction, 

The effect of treatment of some plant celluloses with alkali was studied simi- 
larly by heating small samples for various times imder standard conditions. 
Special precautions were needed in washing, to ensure the removal of all alkali. 


Table IX. Extraction of celluloses with bailing NaOH solutions. 

All results expressed on the basis of 100 g. original oven-dried cellulose. 


Cellulose 

Cone, of 



Xylan 


Hexosan 

Xylan loss 

and xylan 

NaOH 



in 

Xylan 

removed 

Total loss 

content 

<)/ 

/O 

Time 

Residue 

residue 

removed 

(dill.) 

0‘ 

/o 

Oak 

01 

10 min. 

92*5 

20*5 

4*2 

3*3 

56 

(24*09) 


1 hr. 

09*4 

18*8 

6*9 

4*7 

56 


5 hr. 

86*0 

17*6 

7*1 

7*8 

47 


1*0 

10 min. 

87*9 

17*5 

7*2 

4*9 

59 



1 hr. 

82*2 

10*6 

8*1 

9*7 

45 



5 hr. 

70*7 

15*1 

9*6 

13*7 

41 


4*0 

10 min. 

70*1 

10*5 

14*2 

9*7 

59 



1 hr. 

72*3 

8*6 

16*1 

11*6 

58 



5 hr. 

71*1 

7*9 

16*8 

12*1 

58 

Wheat 

0*1 

10 min. 

94*7 

18*5 

3*0 

2*3 

57 

straw 


1 hr. 

93*3 

17*8 

3*7 

3*0 

55 

(2152) 


6 hr. 

87*4 

15*3 

6*3 

6*3 

50 


1*0 

10 min. 

90*7 

16*3 

5*2 

4*1 

56 



1 hr. 

80*9 

15*3 

6*2 

12*9 

33 



5 lir. 

00*0 

8*2 

13*3 

20*7 

39 


4*0 

10 min. 

80*1 

10*4 

IM 

8*8 

56 



1 hr. 

68*0 

7*1 

14*4 

17*0 

46 



5 hr. 

02*9 

7*0 

14*5 

22*6 

39 

Barley 

0*1 

10 min. 

84*1 

14*9 

9*2 

6*7 

58 

straw 


1 hr. 

80*0 

12*8 

11*3 

8*1 

58 

(24 04) 


5 hr. 

76*6 

10*4 

13*6 

9*9 

58 


1*0 

10 min. 

78*9 

11*6 

12*4 

8*7 

59 



1 hr. 

73*4 

9*7 

14-3 

12*3 

54 



6 hr. 

08*1 

9*1 

15*0 

16*9 

47 


4*0 

10 min. 

72*2 

6*3 

17*8 

10*0 

64 



1 hr. 

67*0 

6*2 

17*9 

15*1 

54 



5 hr. 

62*8 

6*6 

18*4 

18*8 

50 

Jute 

01 

10 min. 

95*1 

12*2 

2*5 

24 

51 

(14*73) 


Ihr. 

94*2 

12*4 

2*3 

3*5 

39 


6 hr. 

90*1 

11*3 

3*4 

6*5 

34 


1*0 

10 min. 

93*1 

12*3 

2*4 

4*4 

36 


1 hr. 

88*7 

10*8 

3-9 

7*4 

35 



5 hr. 

85*3 

9*9 

4*8 

9*9 

33 


4*0 

10 min. 

85*7 

8*6 

6*1 

8*2 

43 


1 hr. 

81*0 

7*6 

7*2 

11*8 

38 



5 hr. 

80*2 

7*2 

7*5 

12*3 

38 
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Various concentrations of NaOH from N/60 to 2*6 N were employed but results 
are presented only for O*!, 1*0 and 4*0% each at 10 min., 1 hour and 6 hours, 
since these conditions adequately cover the removal of the major part of the 
associated cellulosan. The celluloses studied included one from a hardwood, 
oak, two from cereal straws, barley and wheat, and one from a fibre plant, jute, 
the figures for all of which are given in Table IX. Alkali as dilute as 0*1 % 
brought about a considerable removal of xylan even in 10 min. from all celluloses, 
that of barley straw being particularly susceptible. The xylan was unifomly 
accompanied by some hexosan. With each concentration of alkah, long boiling 
removed hexosan at a greater rate than xylan, as a result of which the ratio of 
xylan loss to total loss falls with time. Not unconnected with this observation is 
the fact that in effecting the same total loss a higher concentration of alkali for a 
short period will remove more xylan than a lower concentration for a longer 
period. This is well shown in the oak series, in which the residue after extractmg 
oak cellulose for 10 min. with 4*0% acid was 7(M % and that with 1*0% acid 
for 5 hours 76*7 %. The xylan content of the former residue was, however, 10*5 % 
and of the latter 15*1 %. It follows that in the preparation of xylan from cellulose, 
a purer extract is likely to be obtained by the use of a strong alkali solution for 
a short period than by prolonged boiling with a more dilute solution. 

The celluloses from the four different sources showed certain distinctive 
differences. The jute cellulose was more resistant to extraction than any of the 
other samples, and the losses from jute were due more to the removal of hexosan 
material than xylan. The celluloses from the cereal straw^s provided a distinct 
contrast, that from barley being much more susceptible to dilute alkali than that 
from wheat. In proportion, however, hexosan was more (‘asily removed from 
wheat, and the ratios of xylan loss to total loss are consequently uniformly lower 
in the wheat series. Whether such differences are characteristic of these straws 
has not yet been determined. The results on oak ctjllulose provide the basis for a 
comparison of the effects of hydrolysis [Table VII I] and extraction. Prolongcnl 
boiling with acids produced a progressive attack on both components, that on 
the xylan increasing only slightly with time. As a result, on continued hydrolysis 
the ratio of xylan loss to total loss does not change appreciably. In alkaline 
extraction, on the contrary, the removal of hexosan incrf^astnl faster than the 
removal of xylan with the result that this ratio falls. 

Discussion of hydrolysis and extraction. 

Treatment of a plant cellulose with hot dilute acids or alkalis results in the 
removal of cellulosan to an extent which depends on the concentration and the 
time. Concurrently, however, there is a removal of hexosan material often to an 
extent considerably greater than that of cellulosan. In no case, with hot re- 
agents, is cellulosan removed unaccompanied by hexosan. Pure cotton cellulose 
with dilute acids and alkalis is known to undergo only ver}^ small losses under 
similar conditions. There is therefore in the celluloses from woods and plant 
materials a hexosan fraction far more susceptible than anything in cotton. The 
nature of this fraction and its relationship to true cellulose on the one hand and 
cellulosan on the other are not yet known. The exisUuice of such a fraction has, of 
course, been recognized for many years, and in the evaluation of pulps a pro- 
cedure is ordimrily adopted to exclude this less resistant mattirial. By treatment 
m the cold with 17*8% NaOH, a residue is obtained termed oc-cellulose, which, 
whilst not usually free from xylan, is taken as representing the true resistant 
fraction available for manufacturing purposes. BeH [1932] has shown, in a study 
of the methylationof this fraction, that wood celluloses do not display uniformity 
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as individuals. The alkaline extract, if acidified, gives a precipitate known as 
j8-cellulose. The larger part of the material extracted is not however precipitated 
on acidification, and it is termed y-cellulose, the amount being obtained by 
difference. These fractions have never been criticaJly investigated. It is unlikely 
that the proportions of a-, jS-, y-cellulose have any absolute significance since 
their isolation rests on a purely arbitrary procedure. The jS- and y-fractions 
presumably include the material removed by dilute acids and alkalis as described 
in this paper. 

From these experiments certain limitexi deductions as to the nature of this 
leas resistant hexosan can be made. It is apparently as easily removed by dilute 
alkalis as is the cellulosan and further is readily hydrolysed by dilute acids to 
give reducing sugars. True cellulose is little affected by dilute alkali or acids. The 
resistance of true cellulose to hydrolysis by acids is unusual, even amongst 
polysaccharides, and has never been satisfactorily explained. This property is 
presumably connected with the immense chain length of the cellulose molecule, 
but not with its micellar arrangement, for regenerated celluloses, of inferior 
organized structurf^, are not markedly more susceptible to acid hydrolysis. The 
inference is therefore that this less resistant hexosan fraction of such celluloses 
is of much less raolociilar size, and possibly of the same order or chain length as 
the associated xylan, the properties of which are virtually indistinguishable. 
This hexosan fraction might perhaps be more properly regarded as a cellulosan, 
instead of as a portion of the true cellulose, in which case the cellulosan of such 
materials as descrilxHl alx)ve would hav(‘ two components, a xylan and a gluco- 
san, and in this bo analogous to the c(‘llulosan of the Gymnosperras, which con- 
sists of mannan and xylan. Such a distinction is however one of nomenclature 
only, and does not explain the nature of the material. The mechanism which 
produces the celluloses of plant materials and woods seems to l)e less perfect in its 
achievement than that of the swd hairs of the cotton plant. In the latter, the 
fibres are composed of molecules of great chain length and of the same general 
order of magnitude, so that the properties are uniform. In the former, molecules 
considerably shorter in length appear to be laid down with the longer true 
cellulose chains. These shorier molecules would comprise the less resistant 
hexosan material removed concurrently with the xylan fraction. 

C. The etfect of destroying molecular orientation. 

The physical and mechanical properties of cellulose depend not only on the 
nature of the molecule, but on the statt» of aggrt^gation of the molecular units. 
The fact that the molecules art^ oriented in one direction and stabilized laterally 
by secondary valency forces gives longitudinal strength. If cellulose be dissolved 
in one of the suitable solvents and subsequently precipitated, this n^giilarity of 
arrangement is lost, and mechanical strength largely disappears. If cellulosans 
are present and are retained by secondary valency forces, the effects of disturb- 
ing the regularity of arrangement in such a cellulose should be an increased 
availability of the adlulosan fraction owing to the extensive reduction of forces 
operating laterally. This phenomenon has been observed in the case of the 
cellulosan of wheat straw cellulose. Two methods of solution were employed, in 
ouprammonium solution and by formation of the xanthate with CS 2 and alkali, 
A large preparation of the cellulose from wheat straw was made and, while wet, 
was (Svided into throe portions. In view of observations on the effect of heat 
drying, it was decided to make comparisons of the regenerated cellulose both in 
a wet and oven-dried condition. One third of the cellulose was dissolved in 
cuprammonium solution by prolonged shaking, filtered free of lumps which were 
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brokon up in a mortar until smooth, and the combined cellulose solution repre- 
oipitated by pouring into a large volume of water containing more than sufBioient 
HCl to neutralize all the ammonia present. The gelatinous precipitate obtained 
was wa^ed by decantation and on a filter till free from copper. Half the product 
was then dried overnight at 100° and the remainder kept wet. The portion of the 
original cellulose for solution as a xanthate was treated with water and alkali to 
give a concentration of 17'6 % NaOH. CSj was stirred in, and the cellulose went 
slowly into solution to give a light yellow opaque liquid. It was diluted with 
10 % alkali and kept overnight, giving then a clear red-brown viscous solution. 
The cellulose from this was regenerated by precipitation in a large bath of dilute 
H 2 SO 4 and Na,S 04 , a slow stream of the xanthate being run in from a tube of 
about 0*4 cm. diameter. In this way the cellulose was obtained in spongy ir- 
regular strings. After very thorough washing the product was divided into two 
portions, one being oven-dried and the other kept wet. The third portion of the 
original cellulose for use untreated as a control was similarly divided. In this 
way, six samples were obtained, untreated cellulose, wet and dried, oupram- 
monium cellulose, wet and dried and xanthate cellulose, wet and dried For 
comparison with these, similar series were prepared from two other celluloses not 
containing any cellulosan. One was a high-grade unbleached cotton yam and the 
other filter-paper (Whatman No. 1). The origin of the cellulose of the latter was 
presumably wood, all the cellulosan having been removed by drastic acid and 
alkali treatment. 

These samples were each given a number of treatments selected as a result of 
previous work for their suitability in providing information on the susceptibility 
of the cellulosan fraction. The treatments were: 

(а) 0-26% NaOm 

( б ) 1 * 0 % NaOH [ boiled for 1 hour. 

(c) 0-26% H 2 S 04 j 

(d) Water: 2 boils for 20 min. each. 

(e) 3 % sulphite : 2 boils for 20 min. each. 

(/) % NaOH : standing for 1 hour at room temperature. 

The furfuraldehyde yield of the residue was determined on aU wheat cellulose 
samples, both untreated and regenerated, and the reducing value of the extract 
from the two acid treatments. 

The regenerated wheat celluloses from thti cuprammonium and xanthate 
treatments were not identical in composition with the untreated wheat cellulose. 
In each case the basis of the solvent is an alkali, in the one ammonia (sp. gr. 
0*920), and in the NaOH initially 17*5 % and later reduced to 13 %, as a result of 
which some of the xylan becomes extracted, and though reprecipitated on acidi- 
fication is in a very fine condition and is carried away in the repeated washing 
that is necessaiy. This is particularly true of the cuprammonium product which 
reprecipitates in a highly dispersed condition. As a result, the xylan content of 
the xanthate product from wheat was 15% and that of the cuprammonium 
rather less than 10 %, whilst the original cellulose contained 21 * 6 %. Such 
differences in xylan content might have invalidated the results had not the 
magnitude of the changes been great. The results of the extractions of wheat 
cellulose and its regenerated products are given in Table X, and those for cotton 
cellulose and fiOiter-paper in Table XI. The results are expressed on 100 g. of the 

* I am much indebted to my colleague Dr S. H. Jenkins for his assistance in the preparatiaa 
and repredpitation of the cuprammonium and xanthate celluloses used in this work. 
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cellulose concerned, and because of the losses of xylan in the course ot preparat^n 
of the cuprammonium and xanthate products are not directly comparable with 
onb another. Instead, the relative effects of the different treatments and the 
nature of the materials removed by those treatments must be compared. 

Table XI. Extraction of cotton celluhse and fiUer^paper and 
their rejgenerated products. 


Results expressed on 100 g. cellulose (ovon-dried basis). 
Cotton cellulose 


Filter-paper 



Untreated 

Cuprammonium 

Xanthate 

Untr. 



Treatment 

Air- 

dried 

Oven- 

dried 

Wet* 

Oven- 

dried 

Wet 

Oven- 

dried 

air- 

dried 

Oupr. 

wet 

Xanth. 

wet 

0-25% NaOH 

94-2 

92-0 

89-0 

92-9 

07.3 

9r>*(> 

97*1 

96*8 

95*1 

l%NaOH 

941 

9M 

88-7 

91*8 

90*H 

92*9 

95*4 

94*9 

96*1 

0’2.5% HaS 04 
2-6% H-SO. 

94-4 

93-2 

87-3 

9.5*5 

984 

9.3*3 

97*8 

98*2 

95*2 

93‘8 

91-8 

83-1 

91*0 

9.5*5 

92*9 

96*3 

924 

93*5 

/U m a 

Water 

98-3 

9.51 

93-9 

97*3 

98*6 

95*9 

98*8 

99*1 

96*8 

3% sulphite 

4% cold NaOH 

97-{) 

9.‘b() 

89-9 

95*2 

98*0 

93*3 

97-4 

97*3 

93*8 

96-5 

95-3 


9fi*.3 

98*7 

90*8 

97*6 

97-3 

95*2 


* This sample was very gelatinous and became highly disjRTsed on subsequent treatment, so 
that some loss occurred on filtration. 


The results on the wet xanthate -regenerated cellulose are more striking than 
those on the cuprammonium cellulose because less xylan was lost in the method 
of preparation. The differences between the various extracting and hydrolysing 
agents were smoothed out as a result of regeneration in both cases, so that hot 
water removed almost as much xylan as any other reagent, in marked contrast to 



Fig. 3. Removal of xylan from untreated and regenerated cellalose. 

its action on the untreated cellulose (Fig. 3). No equivalent increase in avail- 
ability of hexosan material occurred. This is in accord with the results obtained 
on the celluloses not containing celJulosan given in Table XI. Neither filter- 
paper nor cotton cellulose on solution and reprecipitation showed any significant 
change in susceptibility to these various treatments. 

The dried samples were very similar in properties to the wet, save that super- 
imposed upon the changes brought about by solution and repredpitation was 
also the effect of exposure to heat previously described. Thk appeared to be 
smaller in the regenerated celluloses than in the untreated material. 
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Discussion. 

It is believed that the cellulosan fraction of natural celluloses is retained 
by secondary valency forces. The association is, however, stronger than 
this type of linkage would normally provide. Additional stability is provided 
by the orientation of the cellulose molecular chains and their arrangement 
in micellae. If it is presumed that the cellulosan molecules are similarly oriented 
and distributed throughout the micellae, not necessarily only on the surface, 
then such an aggregate might be expected to have the properties of the natural 
celluloses as shown in this paper. A portion of the cellulosan may very readily be 
extracted with alkali in the cold, yet even prolonged heating with alkali fails to 
effect a complete extraction. This has long been a matter of comment. Heuser & 
Haug [1918], investigating a cereal straw cellulose, showed that many extractions 
with hot 6 % NaOH resulted in a loss of only 80% of the xylan, and that even 
after drastic treatment under pressure at 140‘^-1 50^, 5-() % of the xylan remained. 
Similar results were obtained with the wheat cellulose used in this work. The 
xylan content, initially 21*5%. was reduced only to 5% by prolonged boiling 
with 10 % NaOH, a loss of less than 80 %. The hydrolytic effect of acid treatment 
is capable of removing this resistant fraction easily, and 3 % H 2 SO 4 at 100° for 
one hour eliminated this 5 % residue. The distribution of xylan molecules through 
the mic(dlae would account for such differences in extraction. 

On the solution of the ceUulose and subsequent reprecipitation the organized 
arrangement is largely destroyed, and the secondary valency forces between the 
cellulose and xylan molecules are no longer operative. As a result, the xylan 
becomes easily removable by rt^agents which previously had little effect upon it. 
In the untreated and oriented condition about 5 % of the xylan only was water- 
soluble. After modification so that orientation was impaired nearly 80 % of the 
xylan was removed under the same conditions. Cold 4 % alkali then extracted 
well over 90 %, a result that could not Ik*, achieved on the untreated material, 
even by prolonged boiling with alkali of higher concentration. No significant 
increase in the susceptibility of any hexosan material occurred, this change in 
properties being confined to the xylan. 

SUMMABY. 

1. The ceUulose of most plants and woods differs from that of cotton in 
containing associated polysaccharides, known as cellulosans, which are tena- 
ciously retained and must be considered as an integral part of the cellulose 
aggregate. 

2. Heat-drying produces some change in the properties of both components 
of such a ceUulose, which is manifest in an increased availability to extracting 
and hydrolysing agents. 

3. The effect of heat treatment may bo observed repeatedly on the same 
sample and must involve breakage of the cellulose chains, though the xylan 
fraction is affected to a much greater extent. 

4 . Preparations of the water-soluble material produced as a result of heat- 
treatment are mixtures which can l)e partiaUy separated to give a portion, of 
higher xylan content. Some oxidation undoubtedly occurs, and uronic groupings 
are present. 

6 . The xylan may be removed from celluloses by treatment with either 
acid or alkali, but a concurrent loss of hexosan material takes place in all 
oases. 
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6. In add hydrolysis there is no apparent break in the oontinuity of the 
reaction. The reducing value of dilute acid extracts indicates that the material 
removed is not completely hydrolysed to reducing sugars. 

7. Continued boiling with alkali removes hexosan at a greater rate than 
xylan, and in effecting the same total loss a higher concentration of alkali in a 
short period extracts more xylan than a lower concentration for a longer period. 

8. Plant celluloses show considerable differences of behaviour towards 
hydrolytic and extracting agents and reveal distinct individualities. 

9. By solution and reprecipitation of a cereal cellulose, the organized mole- 
cular structure may be destroyed, with the result that the xylan, which was 
initially extracted only to a small extent by water and dilute alkali, becomes 
almost completely soluble. No equivalent change in the properties of the hexo- 
san material occurs. 

10. These observations are in accord with the view that the cellulosan frac- 
tion of the cellulosic aggregate of plant materials and woods is oriented and 
participates in the micellae, being retained by secondary valency forces identical 
with those which obtain between parallel cellulose chains in pure cotton cellulose. 


REFERENCES. 

Bell (19.32). Btochem, J. 26, 690, 698. 

Campbell & Booth (1930). Biochem, J. 24, 041. 

(1931). Biociiem. J, 25, 750. 

Cross & Bevan (1918). Cellulose. (liondon.) 

Hampton, Haworth & Hirst (1929). J. chem. Soc, 1739. 
Hawley & Fleck (1927). J, itiduslr. Engng Chem, 19 , 860. 

& Norman (1932). J, indmtr. Engng Chem. 24 , 1190, 

Haworth, Hirst & Oliver (1934). J. chem, Eoc, 1917, 

Houser & Brunner (1922). J. jtrakl, Chem. 104 , 204, 

& Haug (1918). Z, angew. Owm, 81, 100. 

& Jayme (1923). J, prakt, Chem. 105, 232. 

Heyes (1928). J. Soc, chem, Ind.f Loml., 47, 90 T, 

Kneoht (1920). J. Soc. Dy. Od., Bradjordf 36, 196, 

Miller & Swanson (1926). J. Amer. chem. Soc. 45, 1010, 
Norman k Jenkins (1933). Biochem. J. 27, 818. 

Shaffer & Soraogyi (1933). J. bid. Chem. 100, 095. 

Sherrard & Blanco (1923). J. industr, Engng Chem, 15 , 1166 , 
Wohl & Blumrich (1921). Z. angew, Chem, 34, 7. 



[Fk) 1 i the BIOOHBBaCAL JOURNAL, Vot. XXXI, No. 9, pp. 1675-1678, 1987] 

{AU Si0M$ f4Mrvtd] pbsxtbd in osbat Britain 
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(Received 22 July 1937) 

The composition of many of the better-known vegetable fibres, which find 
commercial use in one way or another for textiles or cordage according to their 
properties, was recently determined, and at the same time an examination was 
made of the type of cellulose present [Norman, 1936]. It was shown that these 
fibres fall into two well-defined groups, one having only small amounts of xylan 
in the fibre cellulose, and the other in which the xylan is considerably higher. 
The so-called fine fibres, such as flax and ramie, fall in the first group, while 
the coarser fibres, such as manilla and sisal, must be included in the second. 
Through the courtesy of Sir Harry Lindsay and the Imperial Institute, it has 
Ix^en possible to examine a considerable number of additional fibres, mostly 
of tropical origin and not commonly met with. Few, in fact, find other than 
local usage, the isolation of the fibre from the tissue containing it being frequently 
carried out by primitive means only. The properties of a few of these fibres were 
such as to suggest that, if they were more easily obtainable, commercial develop- 
ment might be possible. 

Methods 

As Iicfore, all samples were finely ground in a high speed mill wherever 
possible to pass a 6()-mesh sieve. Sample 20 (Palmyra fibre) proved very re- 
sistant, being similar in this to coir, which it resembles. In this case the analyses 
had to bo carried out on material far from homogeneous, which caused the 
(sellulose determinations to b(‘ unsatisfactory. 

The methods of analysis and their interpretation were described in the 
pre\dous paper [Norman, 1936]. 

Results 

The analyses of these fibres, together with their common names (if any), 
origins, and botanical types are given in Table I. Many of them are somewhat 
similar in composition, containing cellulose in the neighbourhood of 75 % and 
5-10% lignin. There are some which deserve special comment. Sample 9, 
Nigerian jute, is almost identical with the Indian jute sample previously analysed, 
the only difference bcurig a lower content of xylan. Hibiscus cannabinus (Sample 1 ) 
which is known as Bimlipatam jute contains only half as much lignin as true 
jute, but otherwise is not very different. 

The two samples of Urena lobata (Samples 7 and 8) grown respectively in 
Uganda and India differ considerably in composition, the former being much 
lower in cellulose and a little higher in xylan than the latter. If the xylan is 
calculated as a percentage of the cellulose containing it (Table II), this is the 
more apparent. Sida rhombifolia from Sierra Leone and India (Samples 15 
and 16) is very similar, the percentage of lignin in the former being a little 
greater. 

Palmyra fibre (Sample 20) stands out from all the other fibres examined in 
its high content of lignin, resembling coir in that and in other characteristics. 

( 1675 ) 



Table L ComposUum of fibres 

All nsults expressed as % of oren-diy material Furfor- 

aldehyde 

Total Cell X^rlaii from 

Botanical furfur- furfur- in poljr- 

No, Fibre and source type* Cellulose Lignin aldehyde aldehyde cellulose uromdes 


1 

Hibiscus canndbinus 

a 

7661 

5-95 

11-30 

8-90 

13-8 

2-4 


^imlipatam jute), 








2 

H* diversifciius (Kany- 
amberege), Uganda 

a 

7263 

9-06 

10-70 

7-36 

11-4 

13-8 

3-6 

2-7 

3 

H, rosteUatus (Kans- 
ambwe), Uganda 

a 

77-86 

6-64 

11-68 

8-89 


3-7 

4 

Triumfetta rhomboidea 
(Bwensambwe), Uganda 

a 

60-39 

11-18 

10-21 

6-48 

10-0 


6 

T. Umeniosa (Bin- 
sambwe), Uganda 

a 

71-48 

9-05 

9-77 

6-88 

10-7 

2-9 

4-1 

6 

Ahutilon indicum 

a 

72-18 

10-69 

13-75 

9-62 

14-9 


(Kifala), Uganda 






14-3 

3-9 

7 

Urem lobata (Kansam- 
bwe-Kasaja), Uganda 

a 

63-46 

7-81 

13-10 

9-24 



8 

U, kbata^ India 

a 

76-92 

6-87 

12-86 

8-66 

13*4 

4-2 

9 

Corchonis capsularis 
(Green Jute), Nigeria 

a 

72-61 

10-16 

10-08 

6-56 

10-2 

3-6 

10 

Sierctilia Barteri (£so), 
Nigeria 

a 

74-60 

8-64 

10-03 

7-29 

11-3 

10-9 

2-7 

11 

Monodora brevipes 
(Lakosin), Nigeria 

a 

72-68 

10-75 

10-69 

7-04 

3-5 


12 

Orewia carpinifolia 
(Itakan-Okiro), Nigeria 

a 

66-05 

16-98 

10-56 

6-38 

9-9 

4-2 

13 

Cola afzelia (Obi Edun), 
Nigeria 

a 

75-60 

9-85 

12-19 

8-87 

13-7 

3-3 

14 

Abroma augusta (Kowie), 

a 

75-90 

7-06 

12-07 

9-45 

14-6 

2-6 


Sierra Leone 








16 

Sida rhombifolia (Helni), 
Sierra Leone 

a 

74-20 

12-7 

12-56 

9-69 

15-0 

2-9 

16 

8. rhombifolia, India 

a 

74-84 

10-22 

13-21 

9-88 

15-3 

3-3 

17 

Hmckenya ficifolia 
(Napunti), Sierra Leone 

a 

74-36 

10-66 

10-8 

8-49 

13-2 

2-3 

18 

Sansmma guineensis 

b 

75-06 

7-31 

12-35 

7-95 

12-3 

4-4 


(Bowstring hemp), 

Sierra Leone 








19 

Malachra capitaia, India 

a 

73-41 

8-27 

12-5 

9-72 

15-1 

2-8 

20 

Borassus fiabdlifer 

c 

63-60t 

26-01 

13-80 

10-16 

15-7 

3-6 


(Palmyra fibre), India 

(leaf) 







21 

Crotalaria juncea (Sunn 
hemp), India 

a 

79-27 

6-24 

3-18 

1-96 

3-1 

1-2 

22 

Adansonia digitata (Bao- 

a 

67-26 

6-64 

12-77 

7-95 

12-3 

4-8 


bab fibre), Rhodesia 

(bark) 







23 

Furcraea gigarUea (Mau- 
ritius hemp), Mauritius 

6 

79-83 

4-83 

13-24 

9-85 

15-3 

4-4 

24 

Ananas saliva (Pine- 

d 

79-62 

5-50 

10-45 

7-22 

11-2 

8-2 


apple fibre), Sudan 

(leaf) 







26 

Bromdia Magdalenae 

d 

76-35 

6-93 

9-67 

6-80 

10-6 

2-9 


(Pita fibre), South 
America ((Colombia) 

(leaf) 







26 

Badris setosa (Tucum 

c 

81-54 

7-42 

5-13 

3-10 

4-8 

2-0 


palm fibre). South 
America 

(leaf) 







27 

Eriodmdron anfracho- 

6 

66-67 

14-68 

13-59 

9-78 

16-1 

3-8 


sum (Kapok fibre), | 
Java 









* Botanical type: a, bast fibres from dicotyledon stem; b, sclerench 3 rmatou 8 fibre bundles with residues of 
vascular bundles; c, vascular bundle with sheath of sclerencbvmatous fibre; d, bundles of sderenchymatout 
filn^ accompanying vascular bundles; e, hairs from inner waif of fruiting capsule, 
t This figure is less reliable than other cellulose determinations. 
i This sample was extracted with alcohol-benzene before analysis. 
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Table 11 . Xylan 

1 

S 


Sample 

Xylan 

Sample 

Xylan 

Sample 

Xylan 

1 

18*0 

10 

15*2 

19 

20-5 

2 

16*7 

11 

16-0 

20 

24-7 

3 

17-7 

12 

160 

21 

3-9 

4 

16*6 

13 

18-2 

22 

18-3 

5 

14-9 

14 

193 

23 

191 

6 

20'6 

16 

20-2 

24 

141 

7 

22-6 

16 

20-4 

25 

13-8 

8 

17*4 

17 

17*7 

26 

5*9 

9 

14-0 

18 

16*4 

27 

23-1 


Although grinding was difficult and the cellulose figure consequently not so 
accurate as in other samples, the cellulose appears to appreciably higher 
than in coir, which averages about 54%. Coir, on the other hand, has the 
greater lignin content. The total furfuraldehyde yield and the percentage of 
xylan in cellulose are about the same in these two fibres. 

Sunn hemp (Sample 21) from India is found closely to resemble the European 
hemps previously examined. The cellulose is similar in containing only a small 
quantity of xylan, and this fibre must be added to the small group of low xylan 
type. Samevieria guineenais^ the so-called bowstring hemp, and Furcram 
gigantea, Mauritius hemp (Samples 15 and 23) are not true hemps, though the 
latter contains as much cellulose as Sunn hemp. The cellulose of both is relatively 
high in xylan, and these fibres must accordingly be allocated to the high xylan 
group. 

Baobab fibre (Sample 22) is derived from the bark of a tree, and as might 
be expect<id is lower in cellulose than the majority of others examined, but at 
the same time it is not high in lignin, nor is the xylan in the cellulose as high 
as in most wood celluloses. 

The analyses of Sample 25, Pita fibre from Colombia, differ considerably 
from those obtained on “Pita grass” and reported earlier. There is however 
some confusion in the description of this fibre. The results suggest what was 
8U8|)ecttxi at the time from the unusually high cellulose content, that the samples 
of this fibre) previously examined had been subjected to some purification process 
resulting in partial delignification. The xylan calculated as % of the cellulose 
is very similar in all the samples. 

Tucum fibre or Tucum palm fibre (Sample 26) is separated from the leaves 
of this palm, common in the Amazon valley and along the coasts of Brazil. 
The fibre is high in cellulose and contains about 7 % lignin. The most noteworthy 
feature, however, is that the furfuraldehyde }ield is low and the xylan in the 
cellulose under 5 % . This is unique in l)eing the only leaf fibre yet found to be of 
the low xylan type. The fibre is fine, very strong and durable, but at prt'sent 
finds little other than local use in Brazil where it is utilized for fishing nets, bags 
and ropes. 

Kapok (Sample 27) is found in the seed bolls of a tree, Eriode/ndron an- 
fractuoaum, but is entirely differt^nt in composition from cotton. The cellulose 
content is only about 65%, and the cellulose is exceptionally high in xylan. 
From the appearance of the fibre it was not to be expected to be more lignified 
than jute or Phormium. Treatment with alcohol-benzene was found essential 
before analysis, and the results are expressed on fibre so treated. 
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Discussion 

It has been pointed out that the common fibres are divisible into two broad 
groups, on the basis of the xylan content of the cellulose present, and that this 
division does in fact separate the high quality textile fibres from those of coarser 
type. The additional fibres now examined permit only the addition of two, 
Sunn hemp and Tucum palm fibre, to the low xylan group. The remainder all 
contain upwards of 13% xylan calculated on the cellulose (Table II). The 
degree of lignification is no indication of the type of cellulose to be met with, 
although no highly lignified fibres have been found to be of the low xylan t}^. 
There does not at present seem to be any reason why it is possible to group plant 
celluloses in this manner, the low-xylan group with 0-^ % and the high-xylan 
group with 13-25% culminating in the hardwoods and straws. No cellulose 
with xylan between 6 and 13 % has been isolated in this laboratory although a 
very wide range of plant material has been examined. 

There is clear evidence that the proportion of xylan changes during develop- 
ment, but none which suggests that the function of the tissue in any way affects 
the type of cellulose that may be present. Division into two groups according to 
xylan content may be an over-simplification, since no account is taken of the 
relatively short chain hexosan component that occurs with xylan in many plant 
celluloses. This ill-defined group about which information is not easy to obtain 
does not necessarily have the same distribution as the xylan. 

Summary 

The composition of a number of less common vegetable fibres, mostly of 
tropical origin, is given. With two exceptions, Sunn hemp and Tucum palm 
fibre, the cellulose of all samples was found to contain over 13 % xylan. 

The author is indebted to Dr S. E. Chandler of the Imperial Institute for 
the details of the anatomical characters of the fibres. 
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Mann AN haa long been known to be widely distributed in woods, particularly in 
the softwoods or gymnosperms. Bertrand [1899] drew attention to the fact that 
whereas the hardwoods or angiosperms contain much xylan and little mannan, 
the softwoods contain more mannan than xylan and suggested that the mannan 
in a softwood occupies the same place as xylan in a hardwood. Schorger [1917] 
showed mannan to be present in 20 different species of softwoods in amounts 
up to 7'6%, Later it was realized that some of the mannan of softwoods is 
associated with the cellulosic fraction, and mannose was obtained from wood 
cellulose and wood pulps by hydrolysis [Lenze et al. 1920]. Heuser & Dammel 
[1924] found that the mannan of spruce pulp passes into the jS-oeUulose fraction, 
and Hagglund & Klingstedt [1927] demonstrated the presence of mannan in 
specimens of wood cellulose by a consideration of the optical rotations of the 
cuprammonium solutions. Actual preparation of the mannan from sulphite 
pulp was achieved by Hess & Liidtke [1928], who showed that its physical pro- 
perties were similar to those of the mannan extracted from the ivory nut 
(Phytelephas macrocarpa). 

The mannan associated with the cellulose of softwoods may be regarded as 
a cellulosan according to the nomenclature proposed by Hawley & Norman 
[1932], just as the xylan of hardwoods is so described. The xylan content of 
cellulose preparations is frequently determined in systems of analysis, so that a 
distinction may be drawn lietween “pentosans in cellulose** and “pentosans not 
in cellulose**, but much less attention has l)een given to the mannan of soft- 
woods. The purpose of the work described below therefore was to determine 
the distribution of the mannan in a few species of softwood and to examine the 
conditions of removal of the mannan associated with the wood cellulose. 

Experimental. 

I. The deiermination of mannan. 

All methods of determination of mannan are based on the precipitation of 
mannosephenylhydrazone in the cold, and some modification of the procedure 
described by Bertrand [1899] is usually employed, such as that of Schorger [1917]. 
Briefly this consists of hydrolysing the wood by boiling for 3 J hours with 5 % 
HCl, neutralizing the extract, concentrating and precipitating the mannose by 
the addition of phenylhydrazine and acetic acid. Alternative methods involving 
extraction of mannan with alkali prior to hydrolysis have been shown to be 
inaccurate owing to incomplete extraction. It is not on record, however, that the 
quantitative aspects of the procedure recommended by Schorger [1917] have 
been studied, and in view of the fact that it is frequently necessary to determine 
mannose in low concentration this point was examined. 

( 2177 ) 
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It was first established that the mannose produced on hydrolysis is stable to 
the mineral acid employed. No apparent fall in reducing value occuired when 
pure mann^ was boil^ with 6% HCl for periods up to 6 hours, the ShaflFer- 
Somog 3 d micro-method being used. 

The yield of hydrazone from different concentrations of mannose precipitated 
with (a) phenylhydrazine and acetic acid, and (b) phenylhydrazine hydrochloride 
and sodium acetate has been investigated, and the effect of the presence of 
sodium chloride examined. Some of the data from these experiments are given in 
Table I. 

Table I. Precipitation of hydrazone. from different conceTUrations of mannose 
under varying conditions. 


Phenylhydrazine : sugar -1 : 10. Stand at room temperature. 


Cone, of 

Sodium 


Mannose 

mannose 

chloride 


recovered 

/o 

added %* * * § 

Hours 

%t 

1-44 

12 

6 

93*4 

1*20 

12 

6 

92-4 

1*20 

— 

6 

91*8 

0-62 

9 

6 

92*4 

0*60 

— 

6 

81*5 

0*60 

— 

2 

69*0 

0*5fi 

12 

6 

1H)0 

0*37 

16 

6 

86*0 

0*30 

— 

2 

51*9 

0*30 

— 

6 

71-7 

0*30 

9 

6 

83*9 

0*15 

— 

2 

8*0 

0*15 

— 

6 

38*0 

0*075 

— 

4 

Nil 

0*076 

— 

6 

Nil 


10% phenylhydrazine hydrochloride solution containing equivalent sodium acetate. 
10 ml. sugar solution used in each ease. 


Cone, of 

ml. phcnyl- 


Mannose 

mannose 

hydrazinc-HCl 


recovered 

o/ 

/o 

solution 

Hours 

/oT 

2*1 

5 

6 

94*0 

2*1 

10 

6 

96*4 

2.1t 

6 

6 

Nil 

1*6 

5 

6 

94*7 

1*2 

5 

6 

95*3 

1*2 

5 

24 

94*9 

1*2 

6 


91*7 

1*2 

5 

3 

93*2 

0*6t 

5 

6 

Nil 

0*5 

5 

6 

88*3 

0*38 

6 

6 

86*5 

0*28 

5 

4§ 

70*6 

0*28 

6 

4 

75*2 

0*13 

6 

6 

24*0 

0*06 

6 

6 

Nil 


* The signific^ce of the concentration of NaCl added will appear later. The amounts roughly 
cor^pond to volume of 6% HCl selected for hydrolysis of mannan and final volume after con- 
centration. 

t Factor for calculation: hydrazone x 0*66=: mannose. 

i With addition of 0*9 g. NaCI=6% NaOl on final concentration. 

§ Solution heated to 75^ immediately after addition of phenylhydrazine hydrochloride, then 
cooled to room temperature. r ^ 
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Several important points emerge. Either with free phenylhydrazine or the 
hydrochloride the recovery of mannose is dependent on the initial concentration 
of sugar in the mixture and only approaches a quantitative figure when the 
mannose concentration is about 1 % or more. At very low concentration no 
precipitate forms. The time of standing must be longer than the 2 hours recom- 
mended by Schorger [1917], but 6 hours appear to be sufficient if the mixture 
be frequently shaken. It has recently been claimed that, in low concentrations of 
mannose, it is necessary to allow 3 weeks for the precipitate to form [Nishida 
et al, 1936]. No advantage was gained by heating to 75° after addition of the 
phenylhydrazine, though the precipitated hydrazone appeared sooner. The effect 
of the presence of salt is difficult to understand. With phenylhydrazine in the 
proportions stated, the presence of salt increases the recovery of mannose so that 
the limit of mannose concentration for 90% recovery or better is lowered to 
()‘5-0‘6 % . Using the hydrochloride, and under conditions in which the excess of 
phenylhydrazine is distinctly less, the addition of salt prevents the formation of 
any precipitate even on standing for 24 hours. 

In view of these findings, some of the figures given by Schorger [1917] for 
the total mannan content of wood cannot be considered reliable. If, as stated, 
only 10 g. of wood were used for hydrolysis, and the final precipitation was 
carried out in 150 ml., the recoveries of mannose must have been incomplete in 
many easels. 

The mannan content of pulps has been determined by Klingstedt [1933], 
who avoided the difficulties brought about by low concentrations by hydrolysing 
the pulp completely with 72 % sulphuric acid, boiling after dilution and con- 
centrating to a syrup after removal of sulphuric acid. Even so the conditions of 
the final precipitation do not result in recoveries of mannose so nearly quan- 
titative as obtained in this work. 

There is, however, need for further investigation of the precipitation of 
mannose as the hydrazone in order to obtain a more sensitive method suitable for 
woods. It was hoped to employ the iodimetric titration devised by Ling and 
Nanji [1921] for the determination of small quantities of the hydrazone, but the 
incompleteness of the precipitation rendered this impossible. Substituted phenyl - 
hydrazine derivatives might prove more suitable in low concentration and will 
be tested. 

II. The distribution of mannan in wood. 

The method adopted for the determination is as follows. 10-15 g. of finely 
ground wood, or 35-40 g. of wet wood cellulose, are boiled with 100 or 150 ml., 
5 % HCl under reflux condenser for 34 hours, the residue after filtration on cloth 
being thoroughly washed twice with about 300 ml. hot wat(*r. The combined 
extract and washings, after cooling, is neutralized with NaOH, made just acid 
with acetic acid and concentrated to about 25-30 ml. The concentrated solution 
is filtered into a small marked flask and the filter paper washed till the volume 
is made up to 50 ml. (or 75 ml. in some cases). After cooling 2*5-4 ml. phenyl- 
hydrazine and up to 5 ml. 50% acetic acid are added. The flask is closed and 
allowed to stand for 6 hours at room temperature with constant shaking. The 
final volume is noted, the hydrazone is filtered off on a Gooch crucible, washed 
with about 50 ml. cold water followed by acetone, dried and weighed. Hydra- 
zone X 0*6 = mannan or x 0*66 == mannose. 

A bulky precipitate due to the salting out of phenylhydrazine acetate may 
form if too much acetic acid is used, and additional water may have to be added. 
A small amount of this precipitate has no influence on the hydrazone yield 
and is removed on washing with water. 
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In all determinations the results have been rejected if the final concentration 
of mannose in the solution from which the hydrazone was precipitated fell below 
0 * 6 %, and further determinations were made employing larger quantities of 
wood or cellulose. The period of 3 J hours’ hydrolysis has been based on Sdiorger’s 
observation and the knowledge that both encrusting hemicelluloses and cellu- 
losans are hydrolysed in that time. If small amounts of mannan remain im- 
hydrolysed they cannot be detected by a second hydrolysis because they fall 
below the limits of quantitative precipitation. 5% H 2 SO 4 has been employed 
for hydrolysis and the acid subsequently removed with barium carbonate. This 
process, though very desirable, results in losses of mannose. 

To study the distribution of the mannan in wood, the total mannan and the 
mannan associated with the cellulose were separately determined (TaWe II), the 
cellulose preparations and determinations being made by the procedure described 

Table II, Distribution of fnannan in wood. 

Expressed on Expressed on Expressed on 

wood % cellulose wood % 





Mannan 

Xylan 

Mannan Xylan 

Mannan 


Total 

Cellu- 

in cellu- 

in W'llu- 

in cellu* in cellu- 

not in 

Wood 

mannan* 

lose 

lose* 

lose 

lose 

lose 

cellulose 

Sitka spruco 
(Picea aitchenais) 

6-02 

(0-8fl) 

61-87 

8-43 

(1-53) 

5-05 

5-22 

3-12 

0*8 

Canadian spruce 
{Picea sp.) 

5-75 

(0-98) 

63-72 

4-92 

(0-86) 

9-19 

3-13 

5-86 

2-6 

Douglas fir 

(Paeudotsriga taxifoUa) 

7-06 

(M7) 

57-46 

10-14 

(1-72) 

5-54 

6-82 

.3-18 

0-2 

Silver fir 
(Abiea sp.) 

696 

(0-63) 

52-90 

7-01 

(0-93) 

7-34 

3-70 

3-88 

2-3 

Pitch pine 
{Pinna sp.) 

5*07 

(0-92) 

55-88 

7-01 

(1'21) 

8-30 

3-92 

4-64 

1-2 

Louisiana Gulf cypress 
{Taxodium diaUchum) 

2-97 

(0-6.5) 

50-.55 

3-84 

(0-6.3) 

7-99 

l-W 

4-04 

l-O 

African pencil cedar 
{Juniperua proc^ra) 

2-40 

(0-62) 

44-29 

4-05 

(0-65) 

11-03 

1-79 

4*89 

0-6 

Redwood 
{Sequoia sp.) 

2-62 

(0-72) 

49-08 

4-77 

(1-08) 

11-61 

2-:i4 

6-70 

0-3 


♦ Figures in brackets give the mean concentration of mannose in the final solutions from whitih 
the hydrazono was precipitated. 

by Norman & Jenkins [1933]. All results are the average of two closely agreeing 
determinations. In view of the fact that, as shown in Table I, completely 
quantitative recovery of mannose is not obtained under the conditions of prt^- 
cipitation employed, the figures must err slightly on the low side. The woods 
analysed may be taken as a representative group of softwoods. In all cases tlie 
major part of the mannan was found to be associated with the cellulose. The 
highest content occurred in Douglas fir, and in this wood, and in Redwood, 
virtually all the mannan was present as cellulosan. In the final column of Table 11 
is given “mannan not in cellulose”, obtained by difference. It is unlikely that 
this has any existence in fact as a true mannan, but is probably a constituent part 
of the encrusting hemicelluloses. As expected, no regularity was found in the 
proportions of mannan to xylan in the (^llulose. The variation was V€Mry wide, 
firom Douglas fir cellulose on the one hand, which contained nearly twice as much 
mannan as xylan, to African pencil cedar on the other, with more than twice as 
much xylan as mannan. The number of samples is insufficient to sliow whet her 
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this may be a varietal difference, or influenced by age or tissue. Norman [1936, 1] 
has shown that the amount of xylan associated with the cellulose of rye grass 
increases with the age of the tissue. If there is any degree of constancy in the 
mannan/xylan ratio for particular species, this might prove a useful method of 
identification in certain cases. The cellulosan content of these softwood celluloses, 
as judged by the mannan and xylan contents combined (12-16%), is notably 
lower than that of hardwood celluloses in which it is often over 20 % . This 
fact is of course represented in another way in the higher a-cellulose content of 
the softwood celluloses. 

III. Hydrolysis and extraction of mannan frcm softwood cellulose. 

The hydrolysis of wood with dilute mineral acids has been extensively studied, 
but few investigators have examined the behaviour of isolated celluloses. Hawley 
& Fleck [1927] reported that all the mannan and xylan could be easily removed 
from spruce cellulose by the action of dilute acdd. 

The purpose of the experiments described below was to study the relative 
behaviour of mannan and xylan to hydrolytic and extracting agents, since this 
has an important bearing on the form of association of the cellulosan with the 
true cellulose component of the wood cellulose. The wood employed was Silver 
fir, which seemed particularly suitable for this purpose inasmuch as the mannan 
and xylan contents of the cellulose are almost identical. 

A large preparation of cellulose was made from this wood, and in view of 
the observation that drying may change the relationship between cellulose 
and cellulosan [Norman, 1936, 2], all treatments were carried out on the wet 
cellulose. The losses resulting from the different treatments were determined on 
small samples of cellulose under the same conditions as used for the larger 
amounts needed for mannan determination. The residues from these smaller 
quantitative experiments were later utilized for the determination of xylan 
by furfuraldehyde yield. In the case of the experiments on acid hydrolysis 
mannan was determined on the extract or the residue, whichever provided the 
highest concentration. It proved difficult to select such amounts as would keep 
the concentration above the limits necessary for maximum recovery. The results 
of hydrolysis with dilute acid are given in Table III. 

Table III. Hydrolysis of Silver fir cellulose with boiling dilute HCL 


Mannan in cellnlcwe 7 01 % . Xylan in cellulose 7-34 % . 
IteBults expressed as "o of oven-dry cellulose. 


Treatment 

Residue 

Mannan in 
residue* 

Xylan in 
residue 

Hexosan 

removed 

3% HCl 1 hour 

84-91 

4-16 (0-74) 

4-78 

9-68 

3% HCl 3 hours 

77-45 

2-78 (0-44) 

2-93 

13-91 

1% HCl 1 hour 

90-09 

5-29 <0-75) 

5-10 

6-01 

1% HCl 3 hours 

86-40 

3-76 (0-42) 

4-78 

7*79 

0*26% HCl 1 hour 

94-94 

6-62 (0-83) 

5-84 

3-17 

0-26% HCl 3 hours 

91-74 

5-47 (0-67) 

5-04 

4-42 


* Figures in brackets give the mean concentration of mannose in the final solutions from which 
the hydmone was precipitated. 

The removal of both mannan and xylan was far from complete even after 
boiling with 3 % acid for 3 hours. The mannan and xylan showed little difference 
in behaviour excepting perhaps to the lowest concentration, 0*25%, towards 
which the xylan appeared to be more susceptible than the mannan. Attention is 
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dtawn again to the laet column of the table in which the amount of material 
removed which is not or xylan, but presumably gluoosan, is recorded. 

In every case this is greater than the combined loss of mannan and xylan. 

Interesting differences in behaviour of the xylan and mannan were shown in 
cellulose exposed to cold and hot alkali (Table IV). The mannan appears to be 


Table IV. Treatment of Silver fir ceUidose with NaOH both hot and cold, 

Mannan in cellulose, 7*01%. Xylan in cellulose, 7-34%. 

Results expressed as % of oven-dry cellulose. 


Treatment 

Residue 

Mannan in 
residue* 

Xylan in 
residue 

Hexosan 

removed 

4% NaOH 2 hours (room temp.) 

9207 

5-50 (0-90) 

3-30 

2-24 

1 % NaOH 2 hours (room temp.) 

9802 

6-71 (0*94) 

6-07 

1*01 

4% NaOH 20 min. (boiling) 

1 % NaOH 20 min. (boiling) 

85-43 

2-30 (0-52) 

4-90 

7-48 

89-80 

2-82 (0-56) 

0-90 

5-61 


• Figures in brackets give the moan concentration of mannose in the final solutions from which 
the hydnuEone was precipitated. 

more resistant to extraction than xylan when cold alkali is employed, but dis- 
tinctly less resistant to hot alkali. 1% NaOH at the boil for 20 rain, removed 60% 
of the mannose and only 6 % of the xylan whereas cold 4 % NaOH extracted 
about 55 % of the xylan as against 21 % of the mannan. The significance of 
these differences is not apparent but is worthy of more extended study. In the 
preparation of mannan from cellulose the use of hot 1 % NaOH for a short time 
would result in a purer extract than would be obtained with a higher concen- 
tration. The results are, of course, insufficient for generalization, but suggest 
that the stabilities of mannan and xylan are of the same order and the forms of 
association with the cellulose of a similar type. 

Summary. 

1. The precipitation of mannose as the phenylhydrazone is not quantitative 
at very low concentrations. Almost complete recovery may be obtained if a 
certain minimum concentration is exceeded. Salt may aid precipitation if a large 
excess of phenylhydrazine is present. 

2. Conditions suitable for the determination of mannan in woods and wood 
cellulose are described, 

3. The major part of the mannan in softwoods is associated with the cellulose. 
Considerable variation is found in the proportion of mannan to xylan occurring 
in the cellulose. 

4. Mannan may be removed from cellulose by dilute acid hydrolysis under 
conditions similar to those in which the xylan is extracted. At the same time 
there is a considerable loss of hexosan. The mannan and xylan are affected to 
different extents on treatment of the wood cellulose with alkali. 

The author is indebted to Sir John Russell for providing facilities for this 
research at the Rothamsted Experimental Station, to the Foundation of 
National Culture” (Fundusz Kultury Narodowej) of Poland for the grant of a 
fellowship, and to the Director of the Forest Products Laboratory, Princes 
Risborough, Bucks, for supplying the samples of wood employed. 

The author wishes to express her thanks to Dr A. G. Norman for suggesting 
this investigation and for his direction and help. 
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Introducdon 

In a number of recent publications a method has been described 
for measuring the viscosity (ij) and rigidity modulus (n) of flour doughs 
(see Schofield and Scott Blair, 1932, 1933, 1933a, 1937). These 
properties are not independent of stress or strain, but it has been shown 
that if suitably standardi 2 ed conditions are used, values of rj and n 
(which can be expressed in absolute units) can be obtained which give 
direct information about the capacity of the dough to make good 
bread under English bakehouse conditions. 

The most important properties of a dough for making English 
bread are — 

Spring which is measured by the ratio of viscosity to a power of the 
modulus. 

Extensibility which is normally associated with a relatively sinall fall 
in viscosity with rising stress, and 

Tolerance which means that viscosity should not be too sensitive to 
changes in moisture content and fermentation-time. 

This work was carried out jointly by the Physics Department, Roth- 
amsted Experimental Station, Harpenden, England, and the Research 
Association of British Flour Millers, and is being published in a series 
of joint papers (Halton and Scott Blair, 1936, 1936a, 1937a). 

Recent co-operation between these institutions and the Centre de 
Recherches Agronomiques, Versailles, France, has made possible an 
extension of the principles developed to a study of French conditions 
and a comparison with the Chopin extensimeter (Chopin, 1921, 1921a) 
now widely used in commercial flour and wheat testing throughout the 
continent of Europe, 
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EXTia^SIMfitER FOR TESTING PtOUR DOUGHS « 

In the Chopin technique, a bubble is blown in a thin strip of dough* 
The maximum pressure (P) and the square root of the volume attained 
before the bubble bursts (G) are automatically recorded. The air 
pressure required to cause the bubble to form is applied by means of 
a falling column of water, i.e., at a regular but decreasing rate. The 
pressure in the bubble rises to a maximum, at which point the walls 
of the bubble are said to become permeable to air, although it continues 
to expand for some time longer before final rupture and collapse occur. 
Although the pressure passes through a maximum the surface of the 
bubble is still increasing, and there is no evidence that the stress per 
unit area does not continue to rise up to the final rupture. The vis- 
cosity of flour dough falls with rising stress (structural viscosity) but 
rises with increasing deformation (wor^l^ardening (see Schofield and 
Scott Blair, 1932)). The variation of viscosity during the production 
of the bubble will thus be complex, but at the point of final rupture 
the viscosity may be defined as the momentary shearing stress divided 
by the rate of change of non-recoverable deformation. Since the rate 
at which air is supplied to the bubble is predetermined, it seems prob- 
able that the value of P should be correlated primarily with the 
viscosity of the dough. 

Bakers use different quantities of water with different flours, so 
that the viscosities of doughs used in the bakehouse do not differ 
nearly as widely as do those of the Chopin test doughs which are all 
made up to contain the same quantity of water. Hence a flour of 
high water-absorbing capacity gives a dough of high viscosity when 
made up with the standard amount of water, whereas a flour of low 
absorption produces a dough of low viscosity. This suggests that 
under the standard conditions of the Chopin tests, P, being related to 
viscosity, should be a measure primarily of the water-absorbing 
capacity of the flour. 

The significance of G is not so easy to predict, but the following 
line of argument is suggestive: 

After the bursting of the bubble, the walls recover to about half 
their fully distended area. The total deformation is thus divisible 
into two parts, (a) recoverable deformation (<r,), and (b) non-recover- 
able (cr,). (Tt will be defined by the ratio of the shearing stress S to the 
shear modulus «. It therefore follows that the lower the modulus the 
bigger will be <r, for a given stress. Now the higher the viscosity the 
bigger will be the stress under the arbitrarily fixed rate of application 
of deformation (remembering that viscosity is defined as S/(rate of 
change of cr,)) which will, in its turn, make for a bigger extension. 
The higher the viscosity, the greater the proportion of elastic to total 
deformation. It thus appears that a high and a low n, which have 
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already been shown to give a big elastic recovery, are also the pre- 
dominant factcw« in producing a high value of G (see Halton and 
Scott Blair, 1936). This, however, presupposes that the dough is 
reasonably extensible. It is clear that a "short” dough will tear 
before either a high pressure or extension can be produced. Now it 
has been shown that shortness is correlated with the rate at which ij 
falls with rising stress (Halton and Scott Bl.iir, 1936a), and some 
measure of extensibility is obtained from the ratio rn/rn (where tn is 
viscosity at low stress (normal stress), and at high stress). 

It is appreciated that this argument is not strictly quantitative, 
but bearing this in mind, we can proceed to write a generalised equation 
of the type: 


Equation (1) 


G = (/) 3? .2*5 


where a, b, c and d are 
unknown powers. 


The baking value of flour has been shown to depend under English 
conditions, on suitable values of viscosity and shear modulus. The 
optimum relationship between these two properties, and the best 
conditions for their variation with other factors such as stress, age of 
dough, moisture content, etc., have not yet been fully worked out; but 
although the requirements of the French market differ somewhat 
from the English, it is reasonable to suppose that whereas the relative 
importance of the different factors will not be the same, the same 
fundamental properties will be significant in both countries. In 
judging the potentialities of new varieties of wheat, it is not possible 
to do baking tests for lack of large enough samples, and the Chopin 
figures have to be taken as a criterion of value. It is thus of the 
greatest importance to find out what combination of physical properties 
the instrument really measures and a preliminary study of this problem 
forms the subject of the present note. 


Experimental 

Doughs made by the standard Chopin technique from some 35 
flours of widely different origin were examined, measurements of 
P» G» Vhf vit and n being recorded. P and G were obtained from the 
Chopin diagram in the usual way. rjk was determined by measuring 
the rate of flow of a dough under a load ^ of about 80 to 85 Kg./cm.* 
through a narrow brass tube of approximately 5 mm. diameter and 
5 cm. length. No attempt was made to convert Vh into absolute units, 
and it is realised that, as a measure of true viscosity, it is only approxi- 
mate. rii and n were determined by the technique already described 
by Halton and Scott Blair (1936, 1936a) at a shearing stress* of 1200 
dynes/cm.* 


* ft Btieftriiw itress of the order of KT dynet/cm.*. 

*Si&oe the tedwiQue Is being deecribed in en article in this Journal (Cereal Chem., 14: 205), no 
further deacription of it will be given here. 
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In order to cfaedk that mhh was giving a measure of 
as determined by feel, a spare portion of each dough was felt carefully 
before testing, and a note recorded.* It was afterwards found Aat 
the mean values of ei/ijf* corresponding to those notes were as follows: 

TABLE I 


Number of doughs 


Mean mlvk 



This shows a good general agreement between shortness as assessed 
by feel and lyj/i?*.* 

In order to test the validity of an equation of the general type of 
(1), still further simplifying assumptions must be made. As a first 
approximation it is assumed that a = d and c =» 1. Hence, we can 
write: 


Equation (2) G = (/) ^ • 



Fig. 1. 

The data were ecamined to see whether any such correlation existed 
fittmg different v alues for b, and it was found that the most satisfactory 
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reniitt were obtained when b « 2.0. This is interesting in view of 
the findii^ of Hdton diat n/n*, which is a measure of spring, becomes 
independent of moisture content when x is given a value of slightly 
less than 2.0 for most flours. Hie results of the main experiment are 
shown in Figures 1 and 2. The general correlation between P and ijt 
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Fig. 2. 


is clear from Figure 1. In Figure 2, values of G are plotted against 
rikInK The two samples marked (a) were exceptionally wet doughs, 
and the two marked (X) were abnormally dry. It is clear that for 
doughs which are neither exceptionally wet nor dry, there is a good 
general correlation, and this is especially noteworthy when one con- 
siders how very many assumptions are made in deriving equation (2). 

Conclusions 

The Chopin extensimeter, used in the usual manner in which all 
doughs are compared at the same moisture content, measures three 
factors: 

(1) The maximum pressure attained when a bubble is blown in a strip 

of dough under standard conditions (P) 

(2) The square root of the maximum volume (G) 

(3) The area of the pressure-volume diagram (W). This is believed 

to depend partly on the property of the dough to allow gas to 
escape through it before final rupture and is therefore not 
considered in relation to viscosity and modulus measurements. 

P is primarily related to the moisture absorbing capacity of the 
flour. 

G is primarily related to a complex function of viscosity and modu- 
lus, but is approximately dependent on the product of a function 
known to be related to ‘‘spring” and one related to “shortness.” 
Other factors undoubtedly enter to a lesser extent. 
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The baking quality of a flour depends primarily on «q»ing and 
shortness, but it is not yet possible to say how far the composite 
function of them measured by the Chopin extensimeter corresponds 
with what Is required for a good baking quality either under French 
or English conditions. This point requires further investigation. 

Summary 

A preliminary analysis of the physical properties of dough measured 
by the Chopin extensimeter indicates that water absorption capacity 
and a complex function of viscosity and modulus are the principal 
factors involved. Under the conditions of the test, the former is 
directly related to viscosity, and the latter depends on a complex 
mixture of “spring” and “ shortness” which has been only partially 
resolved. 

In view of the increasing use which is being made of the Chopin 
instrument as a criterion of wheat and flour quality independent of 
any baking test, the importance of a wider understanding of the nature 
of the factors measured is stressed. 

In conclusion, one of the authors (G.W.S.B.) wishes to express his 
gratitude to M. Demolon, Inspecteur G^‘n6ral d'Agriculture de France, 
for the hospitality of the Centre National de Recherches Agronomiques 
de Versailles during the progress of this work, and to the Soci6t6 pour 
la Vulgarisation des Engrais for the help which made possible his 
participation in it. 
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The Relationship between Viscosity, Elasticity and 
Plastic Strength of a Soft Material as Illustrated by 
some Mechanical Properties of Flour Dough 

IV— The Separate Contributions of Gluten and Starch 

By R. K. Schofield and G. W. Scott Blaie 

(Communicated by Sir John Russell, FM.8. — Received 21 Septewher 1936 — 
Revised 15 January 1937) 

In the earlier papers of this series (Schofield and Scott Blair 1932, 1933 a, 
19336) the endeavour has been to give a quantitative description of the 
behaviour of flour dough under stress. Use was made of the equation 

M~^\n dt dt) Kf* 

which is the expression originally put forward by Maxwell with the addition 
of “-doLjdl to take account of elastic after-effect. In this equation dejdt 
represents the rate of elongation of a cylinder of dough, and S the shearing 
stress which is one-third the longitudinal stress per unit area. The equation 
serves to define n, the modulus of rigidity, and rj the viscosity, and enables 
these to be evaluated from experimental observations of e and S, 

The behaviour of flour dough was shown to be consistent with the 
equation 

tf = 

for the relaxation time, and evidence has since been presented by Halton 
and Scott Blair (1936) to show that % is probably the most important single 
quantity determining the baking quality of a flour dough. 

Valuable as this method of formulation has undoubtedly been, it does not 
throw much light on the physical mechanisms at work, its virtue being 
that it can be applied to any material that can be stretched. By its use 
a remarkable formal resemblance was demonstrated between the behaviour 
of flour dough and soft metals: both show work hardening, elastic hysteresis 
and elastic after-effect. It cannot be argued from this, however, that the 
physical mechanism is the same. To study this aspect of the problem other 
avenues of approach must be sought. 

[ 87 ] 
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Thb Mechanism of Woek Hardening in Fdoto Dodgh 

The OliUen Nettpork--Aii investigation of the behaviour of dough cylinders 
when extended to many times their original length has provided a clue to 
the explanation of work hardening. 

The apparatus was a simplified form of that already described. The 
cylinder of dough originally 6 cm. long and about 0*7 cm. in diameter was 
floated straight out of the “moulding gun*’ on to the mercury bath which 
was provided with a lid lined with wet felt to prevent the dough jfrom 
drying. Threads of sewing cotton were attached, one to each end of the 
cylinder, by means of small pieces of cork to which dough adheres readily. 
One thread was attached to a stress indicator, reading up to about 7000 
dynes,* of stouter design than that used previously, and the other to a 
winch geared to a synchronous motor which enabled it to be moved steadily 
at a rate of 0*045 cm./sec. 

In the first series of experiments represented by figs. 1 , 6 and 6 , the 
stress was recorded at intervals during the slow extension at the end of 
which the cotton was released from the winch. The dough cylinder was then 
allowed 5 min. for free contraction before the slow extension was repeated. 
In these figures the shearing stress per unit area (dynes/em.*) is plotted 
against I being the length at the moment in question and the 

initial length (5 cm.). 

The fact that the length of a dough cylinder w'hich has completed its 
elastic recovery after being stretched always exceeds the original length, 
is most simply explained by supposing that the elastic elements in the 
dough are insecurely attached to each other. It might be expected that 
a general shppage would occur when a critical stress had been reached. 
This, however, is not the case in a normal dough. Fig. 1 shows clearly that 
although considerable flow took place in the first extension, very much less 
occurred during the subsequent extensions although somewhat higher 
stresses were recorded. The upward curvature at the higher strains which 
is such a pronounced feature of the curves is just discernible in fig. 7 of the 
paper by Schofield and Scott Blair ( 19336 ) which was only carried to a strain 
logei/io = 0*7. 

The general nature of the process appears to be something like that 
indicated in fig. 2, which represents the behaviour of six springs, three of 
which are securely linked at P, the other three at Q, while they are insecuiely 
linked in pairs at B, 8 and T» The springs linked at 8 are only about half 
the length of those linked at B and T . Consequently, if each insecure link 
* 16 ora, at 0*466 g./ora. s 6700 dynes. 
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tdU stand the same maximum stress, the link at 8 will snap before those 
at R and T. If only a small stress is applied (%. 26) all the linka viU hold, 
and the system when released wiU recover to the unstrained length (fig. 2a). 
But, once 8 has snapped (fig. 2c) the system will not recover to its length in 



0 0-4 Ofi 1-2 1-6 


log.J/1, 

Fig. I 



Fto. 2 

fig. 2a but only to the condition shown in fig. 2d. The system has undergone 
a permanent eioi^ation and has therefore “fiowed”. It must be remem- 
bered that the dough is to be pictured as formed of a very great many such 
systems. The more junctions that have broken, the higher must the applied 
stress be before there is any more breaking of junctions. Work hardening 
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may be envisaged either as a rise in yield value, or in viscosity, but in either 
case it is clear that the progressive snapping of individual links has produced 
hardening. 



10 20 30 40 


Length in cm. 
Fio. 3 


Gluten 



Fig, 4 


For more easy comparison with the model of fig. 2 the behaviour of a 
dough cylinder and of a strip of washed gluten* are shown in figs. 3 and 4 
by plotting simply the load against the length. In these experiments, when 

♦ Gluten test-pieces are prepared in the following way: A small ball of dough 
is kneaded continuously under the tap until all the starch has boon washed away, 
and the wash water is clear. The mass of wet gluten, which consists largely of protein 
and water, is given coherence by further kneading, and a small strip of approxi- 
mately rectan^ar cross-section is cut with a razor. When extended on the trough 
of the extensimeter, this loses its angles, and recovers to the shape of a slightly 
irregular cylinder whose diameter can be measured with a fair degree of accuracy* 
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the cylinder had been extended as far as was considered safe, the syn- 
chronous motor was reversed and the cylinder was allowed to contract 
at the same rate as it had been extended. 

It wiU be seen that for the greater part of their length the loading branches 
of the curves bend upwards. This is the behaviour to be expected of a system 
of springs irregularly assembled, some of which do not come under stress at 
all until a certain amount of elongation has taken place. Such a curvature 
would also appear where the springs are approaching their greatest possible 
extension. 



Fkj. &-~0 Control, x HCl treated. 


It is evident from the chwe resemblance between figs. 3 and 4 that the 
elastic structure in the dougli is the gluten. It Ls, therefore, not unreasonable, 
in view of the work of Astbury ( 1933 ) on protein fibres, to suggest that the 
branched protein chains of the gluten are the springs securely fastened 
together, and that the insecure links are made by the electrostatic attraction 
between oppositely charged groups of neighbouring molecules. 

Support for this view was obtained from an experiment in which hydro- 
chloric acid was added to a dough slightly in excess of the amount needed 
to convert all the 000“ groups into COOH. The maximum shearing stress 
that this dough would stand without tearing was about 0* 35 x 1 0^ dynes/cm. 
whereas the control dough made up to the same moisture content but 
without the addition of acid easily withstood 1*5 x 10 ^ dynes/cm.^. The 
curves are shown in fig. 5. 
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The effect of 10 min. drastic remixing of a dough is shown in fig. 6, from 
which it will be seen that this treatment caused the cylinder to fiow out under 
a relatively low stress. The normal condition was, however, largely restored 
by allowing the remixed dough to stand for 2 hr. 



0 0-5 10 1*5 2-0 2-5 3*0 


Fig. 6 — 0 Immediately after drastic remixing, x After resting further 2 hr. 

Hence it was evident that a considerable time is required for the elastic 
structure in a dough to become linked up. In order to investigate this 
point further, cylinders were prepared from a freshly made dough and kei)t 
on the mercury bath under small waterj)roof covers for varying lengths of 
time before being tested. The cylinders were extended for 5 min. by which 
time they had been stretched by log^i/^Q = 1*28, and the stress was recorded. 
The stress was then released and log^ljl^ again determined after 6 min. 
free contraction. They were again extended, this time until rupture occurred, 
and their greatest length was measured. Judged by the length at rupture 

Table I 

Age (hours) ... 0*33 1-0 2-0 2*76 4*5 7*6 

First extension 

Shearing stress for log, ///o= 1-28 in 1-22 0-71 0-61 0-65 0-62 0*68 

10* dynes/cm.* 

log, after recovery 0*69 0-78 0*77 0-77 0-87 0*91 

Second extension 

Length at rupture (cm.) 20 33 29 34 32 32 

there is little further build-up of structure after 1 hr., but it will be seen that 
the flow during the first extension, as measured by log^i/Jo after recovery, 
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continues to increase up to 7 hr. notwithstanding the fall in shearing 
stress. This may be due to water released by syneresis of the gluten diluting 
the starch paste, and thereby reducing its viscosity {vide infra). 

The Influence of the Starch — In comparing the curves for dough and gluten 
shown in figs. 3 and 4, one is struck by their very close similarity. In fact, 
apart from a tendency for the loops to be wider in the case of the dough, 
there is only one noticeable difference. At the lowest strains, the stress 
rises very steeply in the case of dough to what almost is a 3 deld value, 
whereas with gluten there is considerable deformation even at the lowest 
stresses. The only difference between gluten and dough is that the latter 
contains starch, whereas in the former this ingredient has been removed. 
Starch paste has an anomalous viscosity, i.e. one that is higher the lower 
the shearing stress, and so would be expected to influence the behaviour 
of the dough more at low than at high stresses. 

Some additional experiments in which equilibrium was approached first 
by a 8irai)le recovery from a small load, and secondly after having momen- 
tarily overloaded the sample, showed that the looj)s in figs. 3 and 4 are 
mainly due to true hysteresis and not to any great extent to elastic after- 
effect: they would have appeared even if the cycles had been carried out 
very much more slowly. 

It was also found that under very small loads applied in the range where 
no permanent deformation occurs, dough shows an elastic fatigue on 
repeated loading, but that it slowly recovers on resting. This is evidently 
a type of thixotropic behaviour. 


Stjmmaby 

Experiments are described which support the view that in a flour dough 
the gluten forms an elastic netw^ork which dominates the mechanical 
behaviour. It appears that when a cylinder of dough is first stretched some 
of the links in the network are ruptured since it will not return to its original 
length. Enough remain unbroken, however, for a continuity of structure 
to be pi’eserved until the cylinder has been extended to five or six times its 
original length. The “work hardening” of dough is thus accounted for. 
The elastic network does not establish itself at once, but continues to build 
up for some time after the dough is mixed. Its strength is greatly reduced 
by drastic remixing of the dough but is largely recovered on further standing. 
The addition of hydrochloric acid in slight excess of the acid binding 
capacity destroys the strength of the network. This shows that the electro- 
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static aittraction between oppositely charged groups in neighbouring 
molecules is an important factor in the strength of the gluten network. 

The upward bend of the reloading curve up to the point where flow 
(i.e. the rupture of further links) occurs is probably mainly due to the 
irregularity of assembly of the elastic members, but may also indicate 
that individual chains are approaching the limit to which they can be 
extended. 

Evidence has been obtained that the starch paste penetrating the gluten 
network has a “yield value”, in consequence of which there is elastic 
hysteresis even when the cycle is carried out slowly enough to avoid elastic 
after-effect. 
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Ober die grundlegenden mechanischen Bigenschaften des Mehlteiges. 

Von R. K. ScboSeld und G. W. Scott Blair}) 

(Rothamsted Experimental Station, Harpenden, England.) 



Zusammenfassung friiherer Arbeiten. 

Zum Verstandnis der Prozesse, die bei der 
Brotherstellung eine Rolle spielen, mu6 man ein 
Wares Bild von den mechanischen Vorgangen be- 
sitzen, die bei der Einwirkung von Zug- und 
Scherkraften auf Brotteig auftreten. Eine Reihe 
von Forschern haben dieses Problem von der 
technischen Seite aus betrachtet und Eigenschaf- 
ten gemessen, die aber noch nicht in die Grund- 
komponenten aufgeldst werden konnten. Selbst 
ftlr rein industrielle Zwecke bringt das Zuriick- 
fiihren der mechanischen Eigenschaften auf die 

1) Ubersetzt von K. Hoffmann (Leipzig). 


Grundeinheiten offensichtliche Vorteile mit sich, 
Fiir ein wissenschaftliches Verstandnis der be- 
teiligten Prozesse ist dagegen ein solches Vor- 
gehen unerlaBlich. Bei der Dehnung von Mehlteig 
Sind die auftretenden Deformationen teilweise 
elastischer und teilweise plastischer Natur. Hier- 
aus ergeben sich zwei physikalische Eigen- 
schaften grundlegender Bedeutung: Die Viskosi- 
tat und der Schermodul. Da die Poisson'sche 
Zahl von Teig 0,5 betragt, besteht keine Not- 
wendigkeit, den Young’schen Modul als ge- 
trennten Faktor zu behandeln, da dieser dem 
dreifachen des Schermoduls entspricht, und der 
Volumenmodul eine GrdBenordnung hdher liegt, 
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Abgesehen von der grundlegenden Arbeit 
von Kosutdny [1907] (1) sind keine weiteren 
experimentellen Untersuchungen dieser Grund- 
eigenschaften vor dem Jahre 1932 angestellt 
worden, als die Verfasser der vorliegenden Arbeit 
die erste einer Reihe von Untersuchungen Uber 
dieses Thema verOffentlichten. Kosutdny 
streckte Teigzylinder in konstantem Verhaltnis 
und mafi die dazu erforderliche Kraft. Er konnte 
seine Ergebnisse mit einigem Erfolg mit der 
Backfahigkeit vergleichen, unterlieb es jedoch, 
die wichtige Untersclieidung zwischen reversiblen 
und irreversiblen Deformationen einzufdhren. 


Die Verfasser verOffentlichten eine Reihe von 
Arbeiten (2), in deren erster sie zeigen konnten, 
dab die Dauer der Krafteinwirkung im Verhaltnis 
zu der entsprechenden Relaxationszeit (Viskosi- 
tat/SchermoduI, nach Maxwell) mabgebend ist 
fur das Verhaltnis von elastischer (reversibler) 
und plastischer (irreversibler) Deformation. Es 
wurde der Verlauf der Krafte an Teigstdcken, die 
in gestreckter Lage gehalten wurden, fiir eine 
Anzahl von Kraften verfolgt. (tr) und {r}) fallen 
mit steigender Kraft. Es wurde gefunden, dab 
der Teig eine Eigenschaft ahniich der Streck- 
hartung von Metallen zeigt, als deren Ergcbnis 
(tf) und (rj) fiir eine gegebene Kraft von der 
Gesamtdeformation abhangen. 


In der zweiten Arbeit (3) wurde eine andere 
Methode angewandt, urn die Effekte der Struktur- 
viskositat [Fallen von (rj) mit steigender Kraft; 
vgl. Ostwald (4)], von denen der Streckhartung 
zu trennen. Teigzylinder wurden lotrecht in einer 
geschlossenen Rohre aufgehangt und konnten sich 
unter der Einwirkung der Schwerkraft ausdehnen. 
Die Deformationen wurden gemessen, indem eine 
vorher auf die Probestiicke gezeichnete Milli- 
nieterskala nach dem Versuch durch Aufpressen 
auf Papier tibertragen wurde. Diese Abziige 
wurden Rheogramme genannt und lieben die 
Deformationen deutlich erkennen. In der dritten 
Arbeit (5) wurde gezeigt, dab der Teig Eigen- 
schaften der elastischen Nachwirkungen und 
Hysterese zeigt und dab infolgedessen ein zu- 
satzliches Glied in die Maxwell’sche Gleichung 
eingefahrt werden mub, die dann folgendermaben 
lautet. 


^_1 /dS_^\ 1^ 

dt \dt dt/ tj 


0 ) 


wobei — = zeitliche Anderung der Streckung, 
dS 

= zeitliche Anderung der Scherkraft 
und a = einen Faktor, der die elastische 


Nachwirkung berOcksichtigt, be- 
deuten. 

In der vierten Arbeit (6) werden Experimente 
mit sehr hohen Betragen der Dehnung beschrie- 
ben und ein mechanisches Modell zur Veranschau- 
lichung des mechanischen Verhaltens von Mehl- 
teig vorgeschlagen. Es wurde gezeigt, dab das 
Phanomen des Fliebens in Teigen grundverschie- 
den von dem des gewdhniichen viskosen Fliebens 
sein dtirfte und auf Reiben von schwachen 
Bindungen in der Proteinstruktur des Teiges 
zurflckzufuhren ist. Ein Vergleich mit gewasche- 
nem Kleber zeigte, dab mit Ausnahme von 
schwachen Kraften die Starke allein kaum dieses 
Verhalten verursachen konnte. Es bildet sich 
im stehenden Teig eine Proteinstruktur, die vor- 
iibergehend durch heftiges Schiitteln und dauernd 
durch Zugabe von Salzsaure in einer Menge, die 
die saurebindende Kapazitat des Glutens (Kle- 
bers) schwach ilbersteigt, zerstdrt werden kann. 

Eine Zusammenfassung dieser drei Arbeiten 
wurde fiir deutsche Leser in einer weiteren Ver- 
offentlichung gegeben (7). 

In der ersten von drei Arbeiten von Hal ton 
und Scott Blair (8) wurde die Elastizitat des 
Teiges naher untersucht, und es konnte gezeigt 
werden, dab diese Eigenschaft von hoher Viskosi- 
tat und niedrigem Schermodul, d. i. hoher 
Relaxationszeit abhangt. Hefe, die in iiblichen 
Mengen zugesetzt wird, hat erstaunlich wenig 
Einflub auf die beschriebenen Effekte. Eine 
sehr sorgfaltige Ausfiihrung der Versuche ist 
notwendig, urn reproduzierbare Ergebnisse zu 
erhalten. In der zweiten Arbeit (9) wurde die 
Neigung des Teiges, wenn er gezogen ist, zu zer- 
reiben („Kilrze“), untersucht, und es konnte 
gezeigt werden, dab diese Eigenschaft in einer 
allgemeinen Beziehung zur Strukturviskositat 
steht. [Die nahere Natur dieser Verwandtschaft 
wurde ebenfalls durch die Verfasser diskutiert (10).] 
Die dritte Arbeit (11) ist eine mehr technische 
Zusammenfassung der ersten beiden, die durch 
weitere Experimente vervollstandigt wurde. 

Scott Blair und Potel (12) beschreiben 
Experimente mit dem Chop in- Extensi meter 
(13), in denen der Bruch und die Deformation 
beim Einblasen von Luft in Teig gemessen wird, 
und zeigen, dab diese Faktoren komplexe Funk- 
tionen der Viskositat und des Schernioduls sind. 

Bohn und Bailey (14, 15) haben eine Be- 
ziehung zwischen bestimmten Werten, die nach 
der Schofield-Scott Blair-Methode erhalten 
wurden, und der Fahigkeit des Teiges, langerem 
Schiitteln zu widerstehen, gegeben. 
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WoUfowltsch und Samarina (16) weisen 
darauf hin» da6 die Buckingham*Reiner- 
Oleichung, die diese Autoren auf das Fliefien 
von Lehmpasten (17) anwenden, auch fflr Mehl- 
teige, die in einem rotierenden Viskosimeter 
untersucht wurden, gilt. 

Die vorliegende Arbeit hat das Ziel, zum Teil 
eine Zusammenfassung frflherer Untersuchungen 
zugunsten deutscher Leser zu geben, anderseits 
einige weitere neue Experimente iiber das Ver- 
halten von Mehlteig unter Einwirkung kleinerer 
Krafte zu beschreiben. 

Experimente mit kleinen Kraften. 

Wenn eine Zugkraft auf einen frisch praparier- 
ten Teigzylinder ohne vorherige Ausdehnung aus- 
gelibt wird, gibt es kein wahres elastisches Gebiet, 
sondern ein FlieBen tritt bereits bei sehr kleinen 
Dehnungen auf. La6t man dagegen einen Zy- 
linder nach einer Dehnung urn ungefahr 15 Proz. 
wieder bis zum Erreichen konstanter Lange zu- 
sammenschrumpfen, so bewirken nachfolgende 
kleine Ausdehnungen rein elastische Deforma- 
tionen, Man kann also sagen, da6 die vorher* 
gehende Dehnung eine Hartung des Zylinders 
verursacht. Experimente in dem Gebiet kleiner 
Krafte wurden mit einem Spezial-Extensi- 
meter, das Fig. 1 zeigt, ausgeftihrt. 

Zwei hohle Metallbehalter werden so an- 
geordnet, daB das Wasser eines Thermostaten 
durch sie fliefien kann. Der unterc wurde mit 
einer Wachsschicht ausgekleidet, und der obere, 
der als Deckel diente, wurde mit Filz bedeckt. 
Der Teig schwamm auf Quecksilber in dem unte- 
ren Behalter und war durch einzelne ungespon- 
nene Seidenfaden mit zwei Hebelarmen ver- 
bunden. Das System fiir die Messung der Aus- 


dehnung wurde gerade eben stabil, aber schwach 
gegen den Teig geneigt, ausgefQhrt. Die Stellung 
des Zeigers gibt ein MaB fiir die Dehnung des 
Teiges. Der ganze Behalter konnte zur Einstel- 
lung des Nullpunktes durch Drehung einer Welle 
in horizontaler Richtung verschoben werden, Der 
Ausschlag des Zeigers fOr die Messung der Kraft 
war durch Arretierungen so begrenzt, daB er nur 
kleine Veranderungen seiner Lage machen konnte. 

Der von dem Teig ausgeflbte Zug wurde durch 
eine MeBkette, aus deren Stellung die Spannung 
abgelesen werden konnte, kompensiert. Die 
Stelle, bei der der Zeiger gerade zwischen der 
Arretierung frei schwingen konnte, konnte durch 
das Aufblitzen einer Lampe bestimmt werden. 
Diese Lampe wurde durch einen am Zeiger be- 
festigten Quecksilberkontakt eingeschaltet. Eine 
Zugkraft konnte ausgettbt werden cntweder durch 
Aufsetzen von Gewichten auf den freien Arm des 
Dehnungshebels Oder indem man den Zeiger mit- 
tels eines seidenen Fadens mit einer von einem 
Synchronmotor betriebenen Welle verband. Beide 
Hebelsysteme wurden auBerordentlich leicht aus- 
gefUhrt, ihre Herstellung erfolgte aus dflnnen 
Stahldrahten, die an Rasierklingen angelOtet 
wurden. Da Starkepasten bekanntlich eine ge- 
wisse Steifheit zeigen, schien es wahrscheinlich, 
daB auch im elastischen Gebiet nach dem Ab- 
schalten der Kraft erne kleine dauernde Dehnung 
bestehen blieb Dies wOrde eine Zerlegung der 
Hystereseerscheinung, wie es in einer frOheren 
Arbeit (5) beschrieben wurde, in zwei Telle mit 
sich brmgen. Der eine ist dann darauf zurOck- 
zufUhren, daB zur Ausbildung der elastischen 
Eigenschaften verschieden lange Zeitraume er- 
forderlich sind, und der andere beruht auf wahrer 
Hysterese und ist unabhangig von der Zeit. 
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Urn dies genauer zu prtifen, wurde ein geharteter 
Probezylinder der Einwirkung einer Last a 
(== 0,316 g) 10 Minuten lang ausgesetzt, konnte 
sich darauf 10 Minuten lang erholen, und wurde 
dann wieder mit einem Oewicht a-f /5 (= 0,316 
+0,285 g) zunkhst 5 Minuten lang belastet. 
Darauf wurde das Gewicht p entfernt, und die 
Probe 10 Minuten nur mit a belastet, danach 
auch a entfernt, und die Erholung «reitere 10 Mi- 
nuten lang verfolgt. Dieser Vorgang wurde wieder- 
holt, bis durch die thixotropische Verfestigung 
die Deformationen unbequem klein geworden 
sind. In Fig. 2 sind die Skalenablesungen, die 
die Lange des Zylinders anzeigen (in willkdrlichen 
Einheiten) gegen die 
Zeit aufgetragen. Die 
Moduln wurden fflr jedes 
Zusammenschrumpfen 
ausgerectinet und unter 
der ersten Kurve ein- 
gezeichnet. Die Moduln 
steigen wahrend der 
ganzenVersuchsdauer an, 
aber es ist klar, daB 
ein ausgepragter Unter- 
schied zwischen den mit 
steigender und fallender 
Kraft erhaltenen Werten 
bestehen muB. Das zeigt 
ein einfacher Vergleich: 

WirdeineFederinStMe- 
paste zuerst ausgedehnt 
und kann sich dann zu- 
sammenziehen, so wird 
ihre endgOltige Lange 
gr6Ber sein, als wenn der 
Vorgang umgekehrt ver- 
lauft. Die Proteinketten 
werden sich nun ahnlich 
verhalten. 

Aus den obigen Ver- 
suchen geht hervor, daB 
das Verhalten einesTeig- 
zylinders, der unter Ein- 
wirkung kleiner Krafte 
gedehnt und zusammen- 
gezogen wird, durch die 
Gegenwart mehrerer 
Faktoren kompliziert 
wird. Urn dies nSher 
zu untersuchen, wurde 
ein geeignet gehSrtcter 
Teigzylinder dutch An- 
wendung einer kon- 
stanten Belastung ent- 


sprechend einer anfanglichen Scherkraft von 
155 dyn/qcm gestreckt. Nach 30 Sek. wurde 
die Dehnung abgeiesen und die Last ent- 
fernt. Nach einer Erholungsdauer von 30 Sek. 
wurde eine neue Ablesung gemacht, und dieses 
Spiel verschiedene Male wiederholt. Darauf 
wurde der Zylinder fOr 20 Min. in Ruhe belassen, 
und dann der ProzeB wiederholt. Sodann wurde 
eine zweite Pause von einer Stunde eingeschaltet, 
bevor die letzte Reihe von Ablesungen aufgenom- 
men wurde. Die Moduln fiir das Zusammen- 
schrumpfen wurden ausgerechnet und in Fig. 3 
gegen die Zahl der Lastwechsel aufgetragen. Im 
gleichen Diagramm sind die angenaherten, nicht 
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reversiblen D^formationen in Einheiten der 
Dehnung (Zf 7 ):eingezeichnet. Es zeigt sich, da6, 
solange kein FlicBen auftritt, die Moduln mit zu- 
nehmender Daucr der Einwirkung von Streckung 
und Schrumpfung abnehmen. Dies ist eine Art 
von elastischer Ermtidung. Daft man ihn aber 
auch ais eine Art Thixotropieeffekt ansehen 
kann, zeigt das starke Anwachsen des Moduls 
beim Stehenlassen des Probezylinders. Dieser 
ProzeB wird weiterhin durch die Eigenschaft der 
Streckhartung kompliziert, da bereits beim ge- 
ringsten Fliefien der Modul stark zu steigen 
scheint. Dies mag zum Teil auf einem Ansteigen 
der kritischen Fliefigrenze beruhen, anderseits 
mu6 man noch daran denken, daft auch die Visko- 
sitat des Starkekontinuums groBer geworden ist 
(innere Viskositat), so daB Messungen der Strek- 
kung nach einer gewissen Zeit kein genaues MaB 
ftir den Modul mehr ergeben, da der Betrag des 
elastischen Nachwirkungseffektes abgenomnien 
hat. 

Hal ton hat (unverdffentlichte Ergebnisse) 
gefunden, daB die Kurve, in der die Viskositat 
gegen den Modul aufgetragen ist, fdr ein bestinim- 
tes Mehl bei Einwirkung einer konstanten, ziem- 
lich kleinen Kraft den gleichen Verlauf zeigt, 
gleichgiiltig, ob die Anderung dieser Eigenschaften 
durch Anderung des Wassergehaltes Oder ver- 
schiedenes Alter des Teiges verursacht wird. Diese 
Tatsache legt die Vermutung nahe, daB der 
Alterungsvorgang des Teiges auf einer allmahli- 
chen Verdiinnung der Starkepaste durch die vom 
Protein abgegebene synaretische FlUssigkeit be- 
ruht. Diese auBert eine grOBere wasserbindende 
Kraft als die Starke, ist jedoch nicht in der Lage, 
das anfangs aufgenommene Wasser auf die Dauer 
zu behalten. Wenn diese Annahme richtig ist, so 
sollten die EinflUsse des Alterns und des Wasser- 
gehaltes ausgesprochener bei kleinen Spannungen, 


wo die Starkeanteile an den gemessenen Effekten 
relativ groB sind, zu beobachten sein. 

EinfluB des Feuchtigkeitsgehaltes auf 
Teig bei kleinen Kraften. 

Es wurden Zylinder auf zwei verschiedene 
und konstante Geschwindigkeiten gestreckt. Eine 
Gesamtdehnung von 0,177 wurde bei der schnellen 
Streckung in 57 Sek., bei der langsamen in 275 Se- 
kunden erhalten. Wurden neun Zehntel der Ge- 
sanitdeformation erreicht, so wurde die Belastung, 
die dann nahezu stetig verlief, abgelesen. Wurde 
die voile Dehnung erreicht, so wurde die Zugkraft 
abgeschaltet, und der Probe Zeit zur vollstandigen 
Erholung gelassen. 

Diese Experimeiite wurden an einer Reihe 
von verschiedenen Teigen mit verschiedenem 
Feuchtigkeitsgehalt ausgefiihrt, und die Ergeb- 
nisse — Krah gegen reversible Dehnung ~ in 
Fig. 4 dargestellt. Es zeigt sich, daB oberhalb 
eines bestirnmten Feuchtigkeitsgehaltes der Be- 
trag der reversiblen Dehnung beinahe unabhangig 
von der Feuchtigkeitsmenge ist, sobald der Probe 
genUgend Zeit zur Erholung zur Verfilgung steht, 
noch hat eine Variierung der Dehngeschwindig- 
keit ini Verhaltnis 1:5 einen grdBeren EinfluB 
darauf. In trockenen Teigen ist das AusmaB der 
reversiblen Dehnung beachtenswert klein. 

Beriicksichtigt man diese Ergebnisse, so sieht 
man leicht ^jn, daB die groBen Anderungen ini 
Modul und der Viskositat, die in den Unter- 
suchungcn von Halt on und Scott Blair fiber 
die Beziehungen zwischen diesen bei Anwendung 
kleiner Krafte gemessenen (8, 9) Eigenschaften 
und der Backfahigkeit eine wichtige Rolle spielen, 
nicht in dem MaBe auftreten, sobald man zu 
groBeren Kraften fibergeht. So zeigen Experi- 
mente (6), daB der Modul von Teig in der Tat 
nur ein kleines Anwachsen wahrend des Alterns 



(initAusnahme der ersten 
1—2 Stunden) zeigt, 
und die Viskositat kaum 
in nennenswertem MaBe 
abnimrnt, wahrend Hal- 
ton und Scott Blair 
(8) finden, daB die Ver- 
ringerung dieser beiden 
Eigenschaften, sobald bei 
relativ kleinen Kraften 
gemessen wird, betrUcht- 
liche Werte annimmt. 

Berechnung von (r;) 
und (n). 

In einer frfiheren Ar- 


Fig. 4 


beit der Verfasser wurde 
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die hier bereits angefilhrte Differentialgleichung leren Wert fflr n erhalt man durch Division der 

(Gleichung 1, S. 149) dazu benutzt, urn die Kraft durch die reversible Dehnung. 

(Ti) und (n) aus den experimentellen Beobach- Anschauung verlangt, daB der Betrag 

tungenzyrrechnen SpaterhabenHaltonund i„eversiblen Dehnung nur durch die An- 
Sco tt Blair mit mUt^eren Werten dieser Eigen- g^geren Kraft verandert wird, 

schaften, die man erhalt wenn man die Gleichung ^3 

I) integriert gearbeitet, und es wird in der vor- Nachwirkung hervorrufen, beelnfluBt 

liegenden Arbeit die g eiche Methode angewandt, ^ann. Mit anderen Worten: Es darf keine 

urn die Moduin und Viskositaten auszurechnen. pia^tische Nachwirkung", die auf Gleiten der 
Hierfur ist es erforderlich, die experimentellen proteinketten gegeneinander wahrend der Periode 

Bedingungen so zu wahlen, daB der Ausdruck: 2usammenschrumpfens beruht, geben. Mit 

/*??. . dt = 0 Riicksicht auf die Schwierigkeiten, einen ge- 

J ht ’ gebenen Teig reproduzierbar zu gestalten, konnte 

wird. In der friiheren Mitteilung (5) wurde ge- dieser Punkt nicht leicht geklart werden, und es 

zeigt, daB sich (a) deni Werte 0 beliebig nahert, bedurfte einer groBen Zahl von Experimenten, 

wenn S entweder 0 ist oder einen konstanten bis man das Ergebnis, daB eine solche Erscheinung 

Betrag annimmt. Dementsprechend verschwindet der plastischen Nachwirkung nicht existiert, als 

der Wert des Integrales, sobald der Zylinder eine einigermaBen gesichert betrachten konnte. Zwei 

gegebene Zeit mit konstanter Kraft ausgedehnt Teigzylinder wurden so ahnlich als mdglich her- 

wird, und sich dann elastisch ohne Belastung zu- gestelit und der eine (a) auf dem Extensimeter 

sanimenziehen kann, Auf diese Weise kann man bei kleiner konstanter Kraft bis zu einer bestimm- 

die Gesamtdeformation am Ende der Dehnungs- ten Dehnung gestreckt und ihm dann Zeit zum 

periode als aus zwei Teilen zusammengesetzt an- Schrumpfen gegeben. Der zweite (b) wurde zu- 

sehen, einer der rein elastisch ist und wahrend iikhst in kleinerem MaBe gedehnt, konnte sich 

der zweiten Periode wieder verschwindet, und dann erholen und wurde darauf zum vollen Be- 

deni ilbrigbleibenden Rest, der bestehen bleibt. trage gestreckt, worauf er erneut zusammen- 

Einen niittleren Wert fOr ry erhalt man nun, wenn schrumpfen konnte. Die Ergebnisse sind in Fig. 5 

die konstante der wahrend der ersten Periode an- aufgezeichnet, in der die Dehnung gegen die Kraft 

gewandten Kraft durch den Betrag der irreversiblen aufgetragen wurde. Obgleich die Betrage der end- 

Deformation dividiert und mit der Zeitdauer der gflltigen reversiblen Dehnung sich nur *wenig 

Krafteinwirkuiig multipliziert wird. Einen mitt- unterscheiden, zeigen die Ergebnisse einer groBen 



Fig. 5 
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Zahl von E^rimenten, dafi die Abweichungen 
willkdrlich in beiden Richtungen verteilt sind, 
und beweisen damit, da6 keine plastische Nach- 
wirkung besteht. Der Pfeil in der Figur bezeichnet 
die Gesamtzeit, wahrend der (b) tatsachlich unter 
Spannung stand. Die Zeit paBt gut zu der, die 
im Falle (a) der gleichen Dehnung entspricht. 

Zusammenfassung. 

Es wird eine Ubersicht (Iber Arbeiten, die 
sich mit der Viskositat und deni Schermodul von 
Brotteig befassen, gegeben und gezeigt, dafi nur 
durch Untersuchung der grundlegenden Eigen- 
schaften ein Fortschritt im Verstandnis, sei es 
nun im Verhalten des Teiges als rein physika- 
liscbes Problem oder im Hinblick auf die Bc- 
ziehung der physikalischen Eigenschaften zu 
seiner Backfahigkeit, erreicht werden kann. 

Es hat den Anschein, als ob die Starkepaste, 
die das Netzwerk des Glutens durchsetzt, eine 
kritische FlieBgrenze hat, woraus das Bestehen 
einer elastischen Hysterese auch dann foigt, selbst 
wenn die Belastungswechsel so langsam vor- 
genommen werden, daB eine elastische Nach- 
wirkung vermieden wird. AuBerdem wurde ge- 
funden, daB das Zusammenbrechen des Gel- 
gerOstes, das sich beim Stehen bildet und sich in 
einer elastischen Ermiidung auBert, thixotro- 
pische Ursachen hat. Der Effekt wird durch eine 
Zunahme des Elastizitatsmoduls wahrscheinlich 
dank der Neubildung von Vernetzungen im 
Glutennetzwerk zum Teil verdeckt. 

Infolge der Einflflsse der Starke sind die me- 
chanischen Eigenschaften des Teiges durch 
Alterung und Feuchtigkeitsgehalt starker ge- 
andert, wenn sie bei Einwirkung kleinerer als grd- 
Berer Krafte gemessen werden. Die reversible 
Dehnung von Teigzylindern, die in gegebener Zeit 
nur urn etwa 20 Proz. gestreckt wurden, variiert 


sowohl mit dem Alter als auch mit dem Feuchtig- 
keitsgehalt des Teiges und mit der Natur des 
Mehles. 

Es wurde gefunden, daB wihrend des elasti- 
schen Zusammenschrumpfens kein plastisches 
FlieBen auftritt. Das Auftreten von „plastischer 
Nachwirkung“ wflrde die zur Berechnung der 
Viskositat und des Schermoduls angewandte 
Methode beeintrachtigen. 
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A FURTHER NOTE ON THE ARRANGEMENT OP 
VARIETY TRIALS: QUASI-LATIN SQUARES 

By F. YATES, M.A. 

Rothatnsted Experimntal Station 

I. Introditotion 

Anew method of arrangiiiji; agricultural field trials involving a large number of varieties 
has recently been descrilied by the author (3) under the name of “ jjseudo-factorial arrange- 
ments’’, but better, |)erhap8, termed quaH-jacUmnl arrangements. Such arrangements are 
likely to be of utility in any experimental work in which a large number of treatments have 
to be compared and in which the ox|>erimental material falls into small groups of closely 
similar units. 

In a (piasi -factorial varietal trial the varieties are divided into sets in two or more ways, 
the varieties of each set being arranged in one or more randomized blocks. The block size 
can thus be kept small even when the number of vaneties is very large, and all use of controls 
is avoided. In a two-dimensional (juasi-factorial arrangement of SI varieties, for example, 
the varieties, after being numbered jit random from 1 to SI . are divided into a group of 9 sets 
consisting of varieties 1 \K Id is, 19 27. ..., 7:i si, and a similar groiijr of 9 sets consisting 

of varieties (1, Id, 19, 73), (2, 1 1, 20 74) (9, IS, 27 si ), each of these sets being 

arranged at random in one or more blocks of 9 plots. It will be seen that these sets form the 
rows and columns of a diagrammatic scpian* of the varitdal numbers, 

In a scpiare two-dimensional <|uasi-factorial arrangement further divisions of the 
varieties into groups ()f sets are also j)o.ssible. each group being such that every set of the 
group includes one and only one variety from each set of every other group. If in the case 
of/>2 varieties/)-}- 1 such groups are formed, a completely orthogonal system results. Since 
every two treatments then occur together once and once only in a block, we arrive at a 
sjHicial (’ase of the type of arrangement described imd and there called an arrangement in 
symmetrical incomplete randomized blocks. 

In the |)resent pa|)er a further extension of the (puusi-fat'foriai priiK'iple is described, 
whereby Mtfierences associated with two different groupings ol the exix'rimental material 
can be simultaneously eliminated. This tyjs' of arrangement may be called an aiTaiigement 
in quasi-Jjatin squares^, from the analogy with ordinary Latin scpiare arrangements. In 
varietal trials in (piasi-Latin squares each comjdete Rqdication of the varieties is arranged 
in the field in a square pattern, all diffeitmces iKdwwn both rows and columns being elimin- 
ated from the varietal comparisons, just as they in an ordinary Latin sijuare. 

Quasi-Latin squares are less flexible than ordinary quasi-factorial arrangements, since 

* Or alternatively an arrangement in /atfirr sqmres (8«* note on noinendatuix' at the end of the j)a{)er). 
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the number of varieties or treatments must be a perfect square (or a perfect cube) and certain 
perfect squares, in particular 36, are inadmissible. The designs are likely to be of considerable 
practical utility, however, because if the two sources of variation associated with two 
different groupings of the experimental material are of equal magnitude, the simultaneous 
elimination of both sources is more than twice as effective in reducing experimental error as 
is the elimination of one source only. The effectiveness of Latin square arrangements in 
agriculture, for example, has long been recognized. 


II. Strijcturk of quasi-Latin squariss 

If the number of varieties is a perfect square (equal to say), then for certain values of p 
it is possible to divide the varieties into p + 1 orthogonal grou[)s of p sets (each set containing 
p varieties), i.e. in such a manner that each set of any one group of sets contains one and only 
one variety from each set of any other group of sets. The three groups of sets corresponding 
to the rows, columns and letters of a Latin square fulfil the conditions of orthogonality. The 
1 groups can therefore be formed from a (•omf)letely orthogonal set of p - 1 squares. 
Such completely orthogonal sets are known to exist for values ofp which are prime numbers, 
and also for p = 4, 8 and 9 (i). No such set exists for p = 6 (2). 

If p -tl such groups of sets exist, then the p^ - 1 degrees of freedom representing differenc^es 
between varieties partition into p-f- 1 groups of p- 1 degrees of freedom, each group corre- 
sponding to the p - 1 contrasts between the p sets of the corresponding group of sets. Each 
replication may therefore be arranged in the field in the form of a 8(}uare of which the rows 
correspond to one group of sets and the columns to a second, so that in every replication the 
degrees of freedom corresponding to two groups of sets will l)e confounded with row or 
column differences. If p is odd and there are l(p + 1 ) replications, each gi’oup of sots may be 
confounded once and once only in this manner, and in this case equal information will be 
obtained on every degree of freedom, and therefore every varietal comparison will be made 
with equal accuracy. 


When p equals 5, for instaiujc, the four squares given in Table I form a (X)mpletely ortho- 
gonal set. 


Table I. Orthogonal set of 5x6 squares 
Square 2 Square 3 

<i b c d e abode. 


Square 1 
abode 
e a b c d 

d e a b c 

c d e a b 

b c d e a 


d e a b 0 
b 0 d e a 
e a h c d 
c d e a b 


c d e a b 
e a b c d 
h 0 d e a 
d e a b 0 


Square 4 
abode 
b c d e a 

0 d e a b 

d e a b c 

e a b c d 


(fhe law of formation, which is the same for all prime numbers, should be obvious from 
inspection of this table. lorp=4. 8 and 9, orthogonal sets are given in(i).) 

If there are 26 varieties and these are numbered 1-25 at random, the first row of each square 
may be taken to represent the varieties 1-6, and so on. So long as every group of sets is 
confounded equally it is immaterial which are confounded in each replication. If we confound 
the groups corresponding to rows and columns in the first, those corresponding to squares 
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1 and 3 in the second and those corresponding to squares 2 and 4 in the third replication, then 
the first repKcation must be arranged on the ground in a square pattern so that the varieties 
1-6 come in one row (not necessarily the first), the varieties 6-10 in another and so on. At 
the same time varieties 1, 6, 11, 16, 21 must come in one column, varieties 2, 7, 12, 17, 22 in 
another and so on, We must in fact randomize the rows and columns of the square: 


1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 


This randomization ])roce8s is that adopted in ordinary Latin squares in order to ensure an 
unbiased estimate of error. 

In the second replication the varieties corresponding to the as of the first square, namely 
varieties 1, 7, 13, 19, 25, must come in one row, and so on. At the same time the varieties 
corresponding to the a’s of the third square, namely, 1, 9, 12, 20, 23, must come in one 
column, and so on. We must therefore randomize the rows and columns of the square: 




Square 3 




a 

6 

c 

d 

e 

a 

1 

13 

25 

7 

19 

h 

20 

2 

14 

21 

8 

c 

9 

16 

3 

15 

22 

d 

23 

10 

17 

4 

11 

e 

12 

24 

6 

18 

5 


t 

flS 

s 
cr 
X 

the structure of t his 8(|uare being given by the marginal letters. 

Similarly the third replication is obtained by the randomization of the rows and columns 
of the square: 

Square 4 

a b c d e 

a 1 15 24 8 17 

6 18 2 11 25 9 

I r 10 10 3 12 21 

B d 22 6 20 4 13 

jc f 14 23 7 If) 5 

The statistical analysis of balanced arrangements such as this is very simple. It is first 
necessary to calculate for ea(?h variety a quantity equal to p times the sum of the yields 
of all the plots of that variety, less the totals, p -f 1 in number, of every row and every column 
in which that variety occurs. The varietal differences, in terms of the yield of a single plot, 
aret 


\pQ- 


,Q or 


p-\^ ” p{p-iy 

A quantity equal to times the mean yield should be added to each in order that their 
p-l 

mean should equal the genera] mean. 

The standard error of each difference is 

V'2x /-?-x the standard error of a single plot. 
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The sum of squares due to varieties in the analysis of variance is 
-^dev*§ or dev^^Q, 

where dev* Q indicates the sum of the squares of the deviations of Q from their own mean. 
The first and last of these formulae are given in two forms, the first form being most easily 
remembered, the second being that required for computation. 

The remainder of the analysis of variance proceeds in the ordinary manner, items for 
rows, columns and squares being included to allow for the fertility differences eliminated 
by the design. 

It should be noted that each of the above expressions can be derived from the parallel 
formula applicable to an experiment with the same number l(p + 1) of replications arranged 

2 2 

in ordinary randomized blocks of p* plots, by writing for — ^ and replacing the sum 

of the yields of each variety by the corresponding Q. 

It follows from this that the efficiency factor of the arrangement is 

Jp-1 

p+l‘ 

This factor represents the loss of efficiency that would result if there were no gain in accuracy 
by the elimination of fertility differences between the rows or between the columns, 

In this section we have only considered arrangements in which every set of degrees of 
freedom is confounded equally. Such arrangements may be called bakmed ipiasi-Latin 
squares. This balance is analogous to the balance of designs in symmetrical incomplete 
randomized blocks ( 4 ). Sets of squares which lack this balaiu^e are also feasible, and are of 
interest in such cases as 8 x 8, which requires nine replications for comjilete balance, but in 
which nearly comi)lete balance can be attained with four rei)lications. 

Such arrangements lose very little in efficiency through the slight la(‘k of balance, the 
efficiency factors in the case of 8 x 8 squares being J and or 0*778 and 0*77 1 re8)»ectively. 
The computations are somewhat more complicated, owing to the fact that the set of row and 
column totals entering into a single Q is no longer completely balanced for varieties, and an 
additional term must therefore be introduced to restore this balance. 

III. Numerical example 

We will take as an example the uniformity trial on oranges reported by 1 Vker and 
Batchelor, the results of which have already been used to illustrate (juasi-factorial arrange* 
ments in randomized blocks. The mean yields of the first six years for the whole trial are 
given in Table V of ( 3 ). The yields (less 100) of the first fifteen plots of each of the first five 
blocks are reproduced in Table II. The table also shows a 8U|)erimpo8ed arrangement of 
twenty-five varieties, indicated by the small numbers, which is the result of randomizing 
the rows and columns of the three squares given in the preceding section. The orientation of 
each square has also been allotted at random. 
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Table II. Yields (Um 100) and arrangemerd of varieties 





Block 




Plot 

M 

L 

K 

J 

I 

Total 

2 


321 

- 42 ® 

322 

13“ 

2 

4 

- 5* 

6 « 


4’ 

20* 

44 

6 

1118 

10 i« 

920 

- P’ 

40“ 

69 

8 

-21» 

12» 

- 1 ® 

16* 

29* 

34 

10 

- 2** 

m 

16“ 

1(92 

22®® 

59 

Total 

-30 

44 

39 

31 

124 

208 

12 

2“ 

9« 

2214 

28*’ 

13* 

74 

14 

- V 

26“* 

372> 

28® 

8®® 

92 

16 

oil 

16® 

29* 

19®® 

1322 

77 

18 

- 

I. 5 W 

122 

19®» 

20®* 

59 

20 

- 2^ 

16*^ 

2720 

352 * 

2 . 6 * 

101 

Total 

-14 

82 

127 

I2t) 

79 

403 j 

22 

- 2*® 

38« 

32* 

372 ® 

38'2 

143 

24 

32 a 

( 1 H)« 

2P 

19®* 

15® 

76 1 

26 

- 3‘'‘ 

2P 

411 

10* 

1725 

49 

28 

19* 

m 

29*® 

32®’ 

29* 

128 

30 

8» 

3F 

48’ 

3(9 

.62®* ' 

l(i9 

' Total 

25 

127 

134 

128 

151 

.6()5 


The yield of the plot 24 of the block L was niissing from the original records. The omission 
of this row entirely would }>c unduly unfavourable to the J.iatin s(|uare desitj:!!. since the whole 
row is low-yielding, and the row has therefore been retirined, with the value J is for the 
missing yield, calculated from the row and column values of the third scpiare. 

The (piantities !)Q are shown in Table III (negative signs being omitted). Thus, for 
example, 

o(^i = r) X 12-44-34 + 5 x{~2)+ 14- ION- 5 X 10 - 2 :)- ]2S=- 173. 


Table III 


1 Varieties 

! 



Values of -.6^ 

1-5 

173 

187 

314 

246 ' .304 

6 10 

282 

231 

232 

2.60 259 

11 15 

1 312 

247 

228 1 

I 318 ! 3(»9 

16 20 

1 161 

264 

117 1 

1 136 i 2()1 

21-25 

! 151 

195 

233 

244 ! 226 


The adjusted yields of the varieties are shown in Table IV. Thus, for exam])le, the adjusted 
yield of variety 1 equals 


(mean yield) + 5Qi = 139*2 - ( 1 73) = 1 2 1 -9. 
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Table IV 


Varieties 


1 -^ 

6-10 

11-16 

16-20 

21-25 


121*9 

1110 

108-0 

123- 1 

124- 1 


Adjusted varietal moans 


120-5 

116-1 

J14-6 

112-8 

119-7 


107-8 

116-0 

116-4 

127-5 

lK-9 


114-6 

114-2 

107-4 

125-6 

114-8 


108-8 

113-3 

108-3 

113-1 

116-6 


The analysis of variance is shown in Table V. The sum of squares for varieties is given by 
the sum of the squares of the deviations of the values oi Table III divided by 26.4/2 or 60. 


Table V. Analysis of variance, 



n.F. 

Sums of squares 

Mean square 

Squares 

2 

2.5.56-24 

1278-12 

Rows 

12 

2696-08 

224 67 

Columns 

12 

7108-08 

592-34 

Varieties 

24 

1566-64 

65-28 

Error 

24 

1 1381-28 

57-55 

Total 

74 

15308-32 



The mean square for varieties is 06-28, and that for eiTor is 67* 55, Nothing has been 
deducted for the missing ])l()t, since the yield of this was determined indejiendently of tiie 
varietal arrangement. The mean squares for varieties and erroi’ are approximately equal, as 
they should be. 

The standard error assignable to each of tlie adjusted values of Table IV is given by 

V(|x 57-55) = 5-30. 


IV. Relative EFFimENcv of variofs arrangements 


The higher efficiency of Latin squares compared with randomized blocks is likely in 
general to more than compensate for the lower efficiency factors of quasi-Latin squares. 
It will be recalled that the efficiency factors for two-dimensional quasi-factorial arrange- 
ments varieties) are ^ ^ ^ ^ + 1 or p -I- 1 grou[)ing8 are 

used. The numerical values of these factors, and of the factor | for (juasi-Latin squares, 

Table VI. Efficiency factors 


No. of varieties 

16 

25 

49 

64 

81 

121 

169 

Bfinimum no. of replications 

4 

5 

7 

« 

9 

11 

13 

for quasi-Latin squares 

5 

3 

4 

9 

5 

6 

7 

Quasi-Latin squares 
Quasi-factorials in blocks: 

0-6 

0-667 

0-76 

0-778 

0-8 

0-833 

0*857 

Two groupings 

0-714 

0-75 

0-8 

0-818 

0-833 

0-867 

0-876 

Three groupings 

0-769 


j 0-842 

1 0-867 

0-870 

0-889 

0-903 

p+l groupings 

0-8 

0-833 

0-875 

0-889 

1 

0-9 

0-917 

0-929 
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All values of p from ]) = 4toj)=13 have been included for which a completely orthogonal 
set of squares is known to exist. The even values p = 4 and p = 8 will require p + 1, i.e. five 
and nine replications in order to obtain a balanced arrangement. Jn many cases, of course, 
some multiple of the minimum number of replications will be required to attain the desired 
accuracy. 

It will be noted that for quasi-factorial arrangements in blocks the balanced arrangement 
with j)+l groupings requires 2 ? +1 replications. It is an additional advantage of quasi- 
Latin squares that when p is odd balance is attained with half the number of re})lications 
required for quasi-factorial arrangements in randomized blocks. The attainment of balance 
has three advantages. The efficiency is maximized, the standard errors of all varietal com- 
parisons are the same, and the comj)utation8 are .simplified. 

The efficiency of the various arrangements in the exam})le of the proceeding section may 
now be considered. Table VII gives the residual mean square.s after eliminating scpiares only, 
scjuares and columns or rows, and squares, columns and rows. These are the mean error mean 
squares that will he obtained in arrangements in randomized blocks of 25. in arrangements 
in randomized blocks of 6, and in 5 x 5 Latin squares resf)ectively. 


Table VII. Residual mean square.8 




Blocks of 25 
Blo<'k8 of 5 ((‘olunim) 
Blocks of 5 (nmH) 

5 X 5 Latin flquun^H 


D.F. I Mean .squan* ^ Infornmtion 

71 i ITiHil 1 

511 i 1-HS 

59 1711-44 1-115 

47 (i2-72 2-H<i 


In each ctise one degree of freedom has betm deducted to allow for the missing ])lot. This 
procedure is approximate except in the case of the Latin sejuares. 

This table provides an excellent illustration of the power of the liatin scpiarc design in 
eliminating fertility differences. Although in this ca.se the elimination of row cfi'ccts alone 
would scarcely have reduced the residual variance, their elimination subsecpicnt to that of 
columns luus effected a .substantial reduction. In general it is ea.sy to sec that, if the variance 
due to rows is equal to that due to columns, the elimination of both rows and columns will 
bring about a relative reduction of the rc.sidual variance of more than twice that due to the 
elimination of either alone. 

Multiplying the relative amounts of information |)er plot of Table VII by the efficiency 
factors of Table VI, wo obtain the relative efficiencies .shown in Table Vlll. Thus in this 
particular example the use of (piasi-Latin squares instead of randomized blocks con- 
taining all the varieties almost doubles the information obtained. 

In order to illustrate the increase in precision resulting from the u.se of (juasi-Iiatin 
squares, an arrangement of twenty-five varieties in randomized blocks of twenty -five ])lots 
(corresponding to the squares already used) w^as also siq>erimposed on the variety trial. 
The varietal means so obtained are shown in Table IX. Their variability is ea.sily .seen to be 
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considerably greater than that of the adjusted varietal means of Table IV, the ranges in the 
two cases being from 99‘7 to 131-3, and from 107-4 to 127-5. The two distributions pf values 


Table VIII. Relative efficiencm of various arrangevtents 



Efficiency in 
chosen example 

Efficiency when 
there are no 
fertility differences 
to eliminate 

Kandomized blotiks of 2.') plots 
Quasi-factorial arrangements 
in blocks of .5 plot^s: 

1(H) 

1(H) 

Two groupings 

140-8 

75 

Three groupings 

ir)0-2 

80 

Six groupings 

mr) 

83-3 

Quasi-Latin squan's 

HK)!) 

(U)-7 




{()) Arrang^'ment in randomized blocks of twenty-five plots (Table IX). 

Pig. 1. Distributions of the twenty -five varietal means from Table IV' and Table IX. 

are also compared graphically in Fig. I, (Both sets of values happen to give a fair repre- 
sentation of the amount of variation that would be obtained on the average in this trial 
from the two types of arrangement.) 
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Table IX. Varietal means from arrangements in randomized blocks of twenty-five plots 


104*3 

118*7 

120*0 

112*0 

111*7 

114*0 

122*7 

109*3 

124*3 

108*7 

107*7 

122*3 

119*7 

99*7 

115*3 

1 ( K )*0 

121*3 

121*0 

122*0 

112*3 

131*3 

117*3 

120*7 

121*0 

114*7 


In this example quasi-Latin squares have also proved markedly more efficient than 
quasi-factorial arrangements in randomized blocks, though the example cannot be 
regarded as particularly favourable to the Latin square arrangement, since blocks account 
for the greater part of the fertility irregularities. In general it may be doubted whether 
quasi-factorial arrangements in randomized blocks are likely to result in any great gain in 
efficiency when the number of varieties is as small as twenty -five. It would apjjear, however, 
that even with this small number of varieties quasi-Latin squares are likely to be very 
efl'ective. It has been found, for example, that in the Rothamsted experiments and exi)eri- 
mcnis at associated (jentres from 1927 to 1934 the error variance of 5 x 5 Latin squares was 
reduced on the average in the ratio of 2*49 : 1 from what it would have been if the experiments 
had beem completely randomized. Tliis, inultijilied by the efficiency factor §, gives an average 
increase of 09 |>er cent in the information wiien 5 x 5 (juasi-Latin squares instead of 
randomized blocks of twenty-five ]>lots are um\ for varietal trials involving twenty-five 
varieties. 

Latin squares are, of course, only suited to certain tvijes of variety trial. With crops that 
are sown by drill tlie practical recpiirements of drilling may necessitate long narrow plots, 
and preclude the use of a Latin .s(|uare design. In such cro})s as fruit, however, this con- 
sideration does not hold, and even with long narrow plots the additional restrictions of a 
Latin scjuare are often strikingly effective in reducing the error \'ariance. 

V. The use ok quasi-Latin squares in three-dimensional 

QUASI-KACrrORLVL l)E.SIONS 

If a number p® of varieties is appropriately divided into three groups of p- sets of p varieties 
each, and each of tliese sets is arranged in one or more randomized blocks, a three-dimensional 
(piasi -factorial arrangement results. The division into the three groups of sets may be 
effected by setting out t he varieties at random in a cube and taking the sets lying on lines 
})arallel to the edges of tlie (‘ube. The analysis of such arrangements Mas discussed iniu, 

2(p^-f p-f 1) 

whci’e it was shown that the efficienev factor Mas • , - . 

2pH5p-fll 

In certain cases quasi-Latin squares can be used os the basis of an arrangement of this 
type, for if the varieties be divided into p sets of p- varieties in two ways, orthogonal to one 
another, the memliers of each set can be compared by means of a set of quasi-Latin scpiaros. 
Tlie approjiriate division can be effected by taking the sets lying on planes ])arallel to U\o 
of the faces of a random culie of the varieties. If sufficient replications are a\'ailable, the 
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group of sets corresponding to planes parallel to the third face may also be taken, but there 
is little further gain in efficiency. The efficiency factors for the arrangements using two and 
three groupings are p-l p^ +p + \ 

p + l p^+p+i p+l pHp'\^^ 

respectively. 

Arrangements of this type compare favourably with ordinary three-dimensional quasi- 
factorial arrangements in randomized blocks, for the advantages of Latin square design are 
obtained without any great reduction in the efficiency factor below that of the randomized 
block arrangements. Table X gives the numerical values of the efficiency factors for the 
various types of arrangement for p = 4, 5 and 7. 


Table X. Efficiency factms for three-dimensional arrangements 

No. of varieties 

(14 

125 

343 

P 

Minimum no. of replications, 

4 

5 

6 

7 

8 

two groupings 

10 

Quasi-Latin squares: 



0-725 

Two groupings 

0-548 

0-626 

Three groupings 

Randomized blocks 

0-560 

0-667 

0-636 

0-721 

0-731 

0-792 


Whether these arrangements are likely to be more efficient than the equivalent two-dimen- 
sional arrangements in quasi-Latin squares dei)end8 on the additional reduction in variance 
that results from the reduction in size of the Latin sciuares. 

The estimation of the varietal differences is best carried out in two stages. The quantities 
Q are first calculated for the various sets of quasi-Latin squares, and from them estimates 
of the varietal means are obtained for each grouping. These estimates can then be set out in 
tbxee-way tables (one for each grouping) and an adjusted table prepared in a similar manner 
to that adopted in quasi-factorial designs in randomized blocks. With a similar factorial 
notation to that previously used in (3) the adjusted varietal means are given by 

Km ~ i(^um *1" Vum ^u.. ^.v. Vu,. ~~ y.v.)f 

when the two groups of sets are formed by holding u and v constant respectively. This formula 
is almost the same as that for two-dimensional quasi-factorial arrangements in randomized 
blocks on p. 433 of (3). In the case of three groupings the formula for is identical with that 
given on p. 438 for two-dimensional quasi-factorial arrangements in three groups of sets. 

The comparisons between the are not all of exactly the same precision, the variances 
in the case of two groupings of the differences of two i’s of varieties occurring together in 
two, one or no sets of quasi-Latin squares being 

p+ l p+l p^+2 

p-l* p-1 p2 ’ p-i p2 

respectively times the corresponding variance when there are no restrictions and the error 
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mean square is unchanged. Thus even with two groupings the variation in precision is so 
small that the mean error variance given by the efficiency factor will suffice for all practical 
purposes (except possibly for varieties having both sets of quasi-Latin squares in common). 
In the case of three groupings the variation in precision will be even smaller. 

The analysis of variance involves no new principle, the procedure to be followed being a 
combination of the ordinary procedure for quasi-Latin squares, and the procedure for 
quasi-factorial arrangements in randomized blocks. 


VI. The use of the quasi-Latin squares principle in factorial design 

In varietal trials we are equally interested in comparisons between every pair of varieties, 
and consequently the aim of the design is to confound all comparisons equally frequently. 
In experiments involving several factors, however, we are usually less concerned with the 
high order interactions than with the effects of single factors and interactions between two 
factors only. Wc may consequently be prepared to sacrifice some or all of the information on 
one or more of the high order interactions, provided that the efficiency of the remaining 
comparisons is thereby increased. 

If the quasi-Latin square tyjie of design is used for an ex[)eriment involving several 
factors, therefore, the condition that every set of degrees of freedom is confounded equally 
may l)e di8{)en8ed with. Instead we may confine the confounding to sets of degrees of freedom 
ref)re8entiiig high order interactions, keeping the main effects free from confounding. 

If, for example, instead of sixty -four varieties we have an ex|x?riment including all com- 
binations of eight varieties and two levels of each of the three standard fertilizers, i.e. an 
S X 2 X 2 X 2 factorial design, the treatment degrees of freedom will partition into 

Variotiefi 7 

Fertilizers 7 

Fertilizers x varieties 49 

If we take the rows and columns of a completely orthogonal set of S x S squares to represent 
varieties and fertilizei’s resi)ectively, seven groups of sets of the varietal and treatment 
(Combinations will be determined by these seven squares. Contrasts between sets of the same 
group will corres[)ond to seven of the 49 degreas of freedom for interaction, the \c'liole seven 
sets accounting for the whole 49 degrees of freedom. Each set of seven degrt^es of freedom 
will be found to be of the form 


Vi.N 

\\.N,P 

)\.P 

l\.N.K 

V,.K 

V,PK 


where Ij, Ig, ..., are seven orthogonal degrees of freedom for varieties of the fi^rm 

etc., being given by the “interaction” of Fj and etc. 

In each replication two such sets may be confounded, one with the rows and one with 
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the columns, so that if there are three replications f of the relative information will be ob- 
tained on 42 of the 49 interaction degrees of freedom, and full information on the remainder. 

A variant of this design is that in which there are only four varieties, so that we have a 
4 X 2 X 2 X 2 factorial design. A single square will then give two complete replications, and 
one set of three degrees of freedom can be confounded with rows and another with columns. 
Sets of the type 


Rows 

C-oliimns 

\.N.P 

V^.N.K 

’i.N.K 


\.P.K 

VyN.P 


are possible. In this case a single replication will sacrifice all the information on these 
degrees of freedom, the analysis being of the form: 


Rows 

7 

Columns 

7 

Varieties 

3 

Fertilizers 

7 

UiK'onloundcHl interaetions 

15 

Error 

24 

Total 

63 


This design is derivable from the 8 x 2 x 2 x 2 design by using du])licate varieties, 

A simpler example of the same type of design is provided by the arrangement of a 2 x 2 x 2 
design in two or more 4x4 quasi-Latin s(jiiares, confounding two interact ion’ degre(*s of 
freedom, one with rows and one with columns, in each scjuare. The following two scjuares will 
confound the interactions shown: 

(1) np nk pk (I) k np ttpk 

rtpk k p n nk pk i\ p 

V p k vpk p n pk nk 

pk nk np (I) npk np k (1) 

Rows: N.P.K Rows: N.F 

Columns :F.K Columns \N.K 

Thus with two replications we might sacrifice half the information on each of tlie inter- 
action degrees of freedom. Alternatively all information on N,P.K and P.K might bo 
sacrificed, so as to obtain full precision on N.P and N . K. 

Similar designs are possible with factors at three levels. In a 3 x 3 x 3 exi)eriment with 
three replications, for instance, we may confound one pair of degrees of freedom for the 
interaction between the three factors with the rows, and a sociond pair with the ex)lumn8. 

Partial confounding within the limits of a single square is also j) 0 H 8 ible, i)rovided of 
course that the square comprises more than a single re])lication. Thus in a 2® design in a 
single 8x8 square eight of the ten three-factor interactions, and four of the five four- 
factor interactions, may be j)artially confounded, one half the relative information being 
obtained on each. 
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In all such designs it can easily be shown that the randomization of rows and of columns 
provides an unbiased estimate of error. Since, however, the original squares are of a rather 
si)ecial type, the designs even after randomization possess certain systematic elements which 
are at first sight discon(!erting. Thus in the 3x3x3 design the three levels of any one factor 
(or numbers representing the contrasts corresponding to the unconfounded interactions) 
can be brought into the pattern given by Fig. 2 (a), and a typical pattern after randomization 


is that of Fig. 2 (6): 

(a) 

0 0 0 1 1 1 2 2 2 

0 0 0 1 1 1 2 2 2 

0 0 0 1 1 1 2 2 2 

1 1 1 2 2 2 0 (J 0 

1 1 1 2 2 2 0 0 0 

1 1 1 2 2 2 0 0 0 

2 2 2 0 0 0 111 

2 2 2 0 0 0 1 1 1 

2 2 2 0 0 0 11 1 


(b) 

2 1 0 0 0 1 2 1 2 

1 0 2 2 2 0 1 0 1 

0 2 1 1 1 2 0 2 0 

0 2 1 1 1 2 0 2 0 

1 0 2 2 2 0 1 0 1 

0 2 1 1 1 2 0 2 0 

2 1 0 0 0 1 2 1 2 

2 1 0 0 0 1 2 1 2 

10 2 2 2 0 1 0 1 


It is not, |K?rhaps, very likely that tlie z distribution will be appreciably disturbed, but it 
would be satisfactory to have confirmation of this point by dcveloj>ing the distribution by 
randomization over a series of uniformity trials. 


Vn. SlTMMAKY 

The principles of (juasi-factorial design are extended so as to enable trials involving a 
number of varieties or tre^itments which is a juTfcct sipiarc (not 0- or some other numbers, 
however) to be so arranged that differeiues jisvsociated with two groupings of the experi- 
mental material, such as t he rows and columns of an agricultural field t rial, are simultaneously 
eliminated from the varietal comj)arisons. 

As a numerical example a (juasi-Latin stpiare design for 25 varieties is superinijmsed on 
the uniformity trial on oranges which was used in a javvious paper to illustrate (juasi- 
factorial designs in ra.ndt)mized blocks, A gain in efficiency over an arrangement in ordinary 
randomized bkx'ks of 91 j)er cent resulted, the eorre.sponding gain in a (jiuusi-tactorial 
design in randomized blocks (two groupings) being 41 jjcr wnt. 

Various other possible applications of the (puisi-Latin squaie })rinciple an' briefly 
discussed. 


Note on Nomenclature 

Since the above pajwr w'iis written, I have ])rovided an alUTiiative and shorter nomen- 
clature for quasi- (or |)seudo") factorial designs, using the term latfice, winvh enabl(*s the 
various typos of design to be described very concisely. The following table of c(iuivalents 
will make clear the sense in which the word is used. 



332 


ARRANGEMENT OF VARIETY TRIALS 


Two-dimensional quasi-factorial designs in randomized 
blocks: 


In two equal groups of sets 

Lattice or square lattice 

In two unequal groups of sets 

pxq lattice 

In three (equal) groups of sets forming a Latin square 

Triple lattice 

In p + 1 (equal) groups of sets 

Balanced lattice 

Three-dimensional quasi-faotorial designs in randomized 
blocb: 


In three equal groups of sets 

Cubic lattice or three-dimensional lattice 

In three unequal groups of sets 

pxqxr lattice 

Balanced set of quasi-Latin squares 

Ijattioe squares 

Three-dimensional quasi-factorial design in quasi-Latin 

Cubic lattice in lattice squares 

squares 



The terms qmsi-fadorial and qiiasi-Latin square may be usefully retained as general 
descriptive terms. In particular the term quasi- I mHu square ap|)ear8 8i)eciaUy appropriate 
for the factorial designs outlined in section VI. Various designs of this latter ty})e have 
been developed in detail in (5). 
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THE x' DISTRIBUTION FOR THE BINOMIAL AND 
POISSON SERIES, WITH SMALL EXPECTATIONS 

By W. G. COCHRAN, B.A. 

Rothamted Experimental Station 


§ 1. Introduction 


One of the more common uses of the distribution is to compare the variance in a sample 
of N from the binomial series distribution (pi-qf, with the expected population variance 
np^j where p and $ are estimated from the sample. A single member of the binomial 
series distribution (i.e. a sample of one) is taken to mean the number of successes in n 
independent trials, in each of which the chance of success is p. A sample of N members 
may be written aii, where any x is an integer between 0 and n. For large 
expectations it is known, cf. (i), that 

^ (x-xf ^^ n{x-xf 
np^ x(n-x) 


is distributed as with (N - 1) degrees of freedom. 

The quantity -zr- — z/ been called the index of dispersion for the binomial series. 

X \^n xj 

The following is an example of its use in tests of significance. In a study of the distribution 
of diseased plants in a field, it is of interest to know whether diseased plants tend to 
congregate in patches, an effect which might occur, for instance, if the disease were liable 
to spread from one diseased plant to its neighbours. This point may be studied by dividing 
the field into small areas, each containing say twenty plants, and calculating the total 
number x of diseased plants in each area. If diseased plants are grouped togetlier there 
will be more areas with many diseased plants or with very few diseased plants than would 
occur in random sampling from the binomial series. The index of dispersion will thus be 
larger than expectation and the x^ test may be used to detect the grouping of diseased 
plants. 

I recently recommended i2) the use of this test in the study of the distribution of diseased 
plants in a field or greenhouse in cases in which the expectations were likely to be small, 
perhaps as low as 1 or 2. It is not known in these cases how satisfactory a representation 
of the distribution of - x)^ 


can be obtained from the ordinary x^ distribution, and this paper was originally intended 
as a discussion, with some numerical examples, of the agreement between the true and 
the X® distribution in this case. Some notes have also been added on the general question 
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of the use of X® as a test of discrepancies between observation and hypothesis with small 
expectations, and, while no essentially new points have arisen, the importance of the 
subject perhaps justifies a brief discussion. 


§ 2. Some examples of the exact distribution of x® 


The distribution of x?, defined as 


for the binomial series, depends on three 

x(n-x) 


variables, the size of the sample, the index n of the binomial, and the expectation 
m=np of success. Of these m and N are the most important, and for fixed m and N the 
distribution changes slowly and regularly as n increases from 1 to oo, in which case the 
distribution becomes the Poisson series with mean m. This property was used by YatesO) 
in his discussion of the 2 x 2 contingency table and appears to hold quite generally. When 
N is large, m and n remaining small, the distribution of x?, like that of the tabular x®> 
tends to normality, though not with quite the same mean or variance as x®- The normal 
approximation to x® will be given in the next section and can be used in tests of significance 
when appropriate. 

When N and m are small, the exact distribution of x® may be found in any particular 
case without much computation. It is first necessary to find the probability of obtaining 
any given configuration. 

Let ...,Xjj be the numbers of successes out of n in that order in a sample of 
N values of the binomial series distribution, wliere 


T=a:i+a:2+...H-% 


The probability of obtaining such a sample is 

N 

p= n 


(n\ffqnN-T 
Ikj ! (n-Xi)\* 

and 2P= 1, taken over all possible samples. 

In estimating p we make the population total coincide with the sample total T, and the 
frequency distribution of x® is accordingly to be taken only over the set of samples with 
total T. To find the probabilities in this set it is necessary to divide P by IP taken over 
the members of the set. But this is the probability of obtaining T successes in a single 
trial of the binomial (p+qf^y and is therefore 


(nN)\ 




Tl(nN-TyJ 

Hence the probability of drawing the sample Xj, in that order out of the set 

p, (n\fT\{Nn-T )\ 


with total T is 
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If the sample is regarded as representing b,2xN contingency table, with marginal totals 
Tj Nn - Ti and N li’s, the probability is seen to be the product of the factorials of the 
marginal totals divided by the product of the factorials of the grand total and the individual 
cell numbers. This result holds generally for contingency tables, as was pointed out by 
Yates ((3), p. 233). 

The corresponding result for a sample of N from the Poisson series is obtained by 
making n tend to infinity. This gives 

T\ 

F=-— 

lix^r 

In practice what is wanted is the probability of the configuration , . . . , x^f), irrespective 
of the order in which they come. If ..., Xy were all distinct, this would be N ! P', and 
if there are O’s, I’s, etc., the probability is 


Thus the probability of obtaining .r,’s, Xg’s, etc., in a sample of N is 

"(A'w)! ^n[{(r,)!(n“x,)!}Ma,)T]- 

In any particular case in which the exact distribution of ^ is required, only the second 
part is variable. The practic^al procedure is first to enumerate all possible configurations. 
For ea(5h configuration there is a probability and a value of By forming a table of 
the values of {(x^) ! (v -xj !) for x^ = 0, 1, 2, ... , « and using logs the work may be reduced 
to a minimum. 

In (;ases where the expectation m { = np) is not too small, so that the agreement between 
the and the distribution is fairly close, the chief source of discrepancy is that the 
former is a discontinuous distribution and the latter continuous. The true values of xl 
are, however, always evenly spaced, apart from values vdth zero probability, since the 
values of Z (x~x)2 change by 2 s when arranged in increasing order, and a (correction for 
continuity may easily be miule by taking y- less by half an interval than the value which 
is being tested. For low values of m, however, other sources of disturbance have become 
important, and the continuity con’ection does not necessarily improve the agreement in 
the region in which the probability lies between 0*1 and 0*01 . For instance, the dis- 
tribution has a finite range, while that of is from 0 to oo, and this introduces a tendency 
for y2, when corrected for continuity, to overestimate the true probabilities near the end 
of the tail. At the other end of the distribution, which is of less practical importance, the 
y^ distribution seems always to overestimate the probability of obtaining so good an 
agreement by chance. 

The cases m=2, iV=4 are show'n in Table 1 for n = 8 and n= oo. There are only 15 
distinct configurations, each of which gives a separate value of yf . The probabilities shown 
are those of obtaining a value of y| at least as great as that given. 
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Table I 



n- 

=8 



w=® ( 

Poisson) 




P' 

P' cor- 



P' 

Fcor- 


P 

tabular 

rected for 
continuity 

Xb 

P 

tabular 

/ 

rected for 
continuity 

0 

1-000 

1-000 

1-000 

0 

1-000 

1-000 

1-000 

1*3 

0-042 

0-722 

0-881 

1 

0-962 

0-801 

0-919 

2-(5 

0-541 

0-446 

0-573 

2 

0-654 

0-673 

0-682 

4-000 

0-426 

0-262 

0-343 

3 

0-551 

0-392 

0-476 

5-3 

0-183 

0-149 

0-198 

4 

0-295 

0-262 

0-321 

6-0 

0-120 

0-0834 

0-112 

5 

0-218 

0-172 

0-213 

8-000 

0-0489 

0-0461 

0-0620 

6 

0-116 

0-112 

0-139 

9-;i 

0-0380 

0-0252 

0-0341 

7 

0-0951 

0-0720 

0-0898 

10-6 

0-0094 

0-0137 

0-0186 

8 

0-0336 

0-f)461 

0-0576 

12-000 

0-0066 

0-0074 

0-0101 

9 

0-0272 

0-0293 

0-0368 

U-fi 

0-0030 

0-0021 

0-0040 

11 

0-0169 

0-0117 

0-0186 

16-0 

0-0010 

0-001 1 

0-(H)16 

12 

0-0067 

0-0074 

0-0093 

22-6 

0-0001 

0-0(X)l 

— 

17 

0-(K)15 

0-0(K)7 

0-(K)23 


The two highest values of have been omitted in both distributions. In the region 
below O'l, the ordinary distribution shows no consistent tendency either to overestimate 
or underestimate, while the corrected distribution generally overestimates the probability 
and gives no better agreement on tlie whole. The maximum discrepancies in the probabilit ies 
in the region used in tests of significance are of the order of 40 per cent ; whether this is 
considered satisfactory will depend on the standard of accuracy required. 

Comparing the Poisson distribution with the binomial it will be seen that the 
interval between successive values of yf has shortened by one- third in the former case, 
while the probabilities of the values themselves are less for the Poisson series than the 
binomial with low values of xl ^-nd greater with high values. Tliis appears to be the 
general type of change in the distribution as n tends to infinity. The agreement between 
the and ordinary distributions is of the same order in both cases. 

Table II below gives a summary of the results obtained in this and four other examples. 
The maximum percentage discrepancies, both positive and negative, in the probabilities 
in the range 0-1 0-006 are shown for the uncorrected and the con’ected distributions. 


Table II 


m 

N 

n 

Number 
of values 

Maximum percentage discrepancy 

Ordinary 

Corrected x* 

+ 

- 

+ 

- 

3-0 

6 

6 

17 

12 

21 

48 


f2-0 

4 

8 j 

13 

46 

34 

98 

10 

12-0 

4 

00 

13 

37 

31 

71 

6 

1-8 

10 1 

9 

27 

4 

9 

33 


1-8 

5 

9 

14 

9 

21 

44 

— 

0-9 

10 

9 

17 

11 

30 

70 

— 
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The numbers of values of given are those which account for all but 0-0001 of the total 
probability. The examples taken are all extreme cases, the total number of values of x? 
being small, and were all computed without much labour. 

For the uncorrected x^ distribution the largest absolute percentage deviation ivS negative 
in four out of the five cases, indicating that the uncorrected x^ distribution tends to 
underestimate the probability of a discrepancy in this range. The corrected distribution, 
on the other hand, definitely overestimates; in only one case, m = 2. A' =4, was there any 
underestimation at all. The absolute percentage discrepancies are in all cases considerably 
larger for the corrected than for the ordinary x^ distribution. The agreement between the 
true and the uncorrected x^ distribution is, in fact, surprisingly good; the maximum 
discrepancies are under 25 per cent except in the cases in which ?n = 0*9 or xV = 4. 

The conclusion from this very limited examination of the possible range of variation 
of m, N and n is the reassuring one that the tabular x^ distribution will give a satisfactory 
approximation to the true distribution in the region used in tests of significance, except 
in those cases in which the number of possible configurations is so small that it is easy to 
calculate the true distribution. The only exception to this rule seems to be the case in 
which m and n are small but N is large; this will be dealt with in the next section. 


§ 3. The normal approximation to the xl distribution 


The notation used in this section will be that adopted by Fisher(4). In this k^. is the 
consistent estimate from the sample of the rth semi-invariant /c,., and k (2‘*^P), for instance, 

is of the joint distribution of and In this notation 

When N is large, the distribution of tends to normality, and tests of significance may 
be made when the mean and variance are known. If w^e are sampling from a binomial 
distribution with kno\vn p. 


Mean0 = (A-l). 


iCft f 




" >4^' [N -I 



= 2{N-l) 


=2(iP-l) 


■^'■2:v' (c| 

( {N-\)(i-<ipq)] 

I 2F' npq I 


( 1 ) 


This is less than the variance 2 (^-1) of the ordinary distribution if i-6})q<0, 
i.e. if 0-21 <p<0'79. It is the appropriate variance to use in the normal approximation 
where the value of p in the binomial series is known and does not have to be estimated. 
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Where the value of p has to be estimated from the sample, as is usually the case, the 
variance and the mean value of are required in that array in which the mean of the 
sample is equal to the true mean of the population. The restriction on the mean would 
not affect the distribution of if the latter were independent of the distribution of the 
mean. This is the case for the normal distribution but not for the binomial series. 

The moments of the distribution of x? in arrays in which the mean is fixed may be 
obtained to any order of approximation by a method similar to that used by K. Pearson(6), 
which is of wide appHcation. 

If X and y are two correlated variates referred to the means of their distributions, their 
moment generating function 


I* ft 

= ( 


M=\\ / (xy) dxdy 


. <1 kk 4 

’■ 1 +‘2"j j“| j]Mii+2 1 f*02+ • 


.(3). 


Integrating first with respect to y we have 

M=j^dx gfo (x) j^J +sf, (x) < 1 + gfj (x) 2 *, + . . . j , 

where (x), ^2 (^), ••• are the moments of the distribution of y in arrays in which x is 
fixed. Expanding we get 

(x)dx^l +xti+x^^^^ ^‘+''2 (*) f j + ••• j (4). 

By comparing coefficients of powers of the i’s in (3) and (4) the moments of the functions 
9o (^) 9r (^) obtained. The general expression is 

Mr.=|»’?oW9'rW<^ (6). 

Approximations will be obtained to (x) and {x) which are polynomials in x. Let 
^0 (^)j (^)» ••• be a set of polynomials in a; of degi’ee 0, 1, , etc., which are orthogonal 

to Qq (a;), i.e. such that 

|y,(a:)^,(a;)^,(x)<fe=0 ifr+s. 

It is easy to see that if the coefficient of of in is taken to be unity 


^0=1, 

Mo2 

Write (x) = Uo^o + • 

Then <^=jm<l'odx=a^jg^f^dx=a^. 

Since we want gi (0), the value of % need not be found. 
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i-e> /‘B~^Mti=®s(f‘o4“(““/*M)=“2f‘w (2+y2-yi)) 

/^02 \ l^Oi I 

where y^, yg are Fisher’s measures of departure from normality for the distribution of x. 
If and x=ki, and all symbols refer to the original distribution, this becomes 




The deviation of the mean of the array *=0 from the true mean of the whole distribution 
is to this order of approximation 

(0)=-/io2«2 

*^2 (yf-yg) 

'N L . y,-v?\ 




Hence the deviation in is I neglecting terms in^ 


iW-y2)[i-^{i-^f 


For the binomial series, 


y!-y2=: 


/. Mean = (i\^-1) + 




This formula has been found to give a good approximation with values of iV as low as 4. 

The large sample approximation is 1 

(N-IH- (8). 

n 

For the Poisson series the mean is 1) for all values of N, 

The same method may be used to obtain an approximation to (x). The expression is 
rather complicated, if terms of order are retained, and involves semi-invariants up 
to Kg. The approximation to order N for the variance is 


V^2[N-l) 




This expression could be obtained alternatively by noting that for the bivariate normal 
distribution the variance of y in arrays in which z is fixed is aj (1 For the binomial 
series the variance is / 1 \ 

(10). 
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Thus for the Poisson series, the variance of the Xs distribution is equal to that of the 
ordinary x* distribution. This result, however, unlike that for the mean, holds only when 
N is large. 

As an example, the exact xJ distribution for the case n = 2, i\r = 160, m = 0*4 was worked 
out. There are only 24 possible configurations. The formula above gives M = 169' 5, F =* 169, 
the tabular x® distribution gives M = 169*0, F= 318, and the exact values were M = 169*49, 
F= 169*28. The normal approximation, corrected for continuity, gives results correct to 



within 16 per cent in the region used for tests of significance. The three distributions are 
shown in Fig. 1, the exact xS distribution being given as a histogram. It will be seen 
that the chief cause of discrepancy between the ^ distribution and the normal approxi- 
mation is the slight skewness of the former. The tabular x^ distribution is a very bad 
approximation. 

For any distribution with finite semi-invariants the distribution of from a sample 
of N must tend to normality as N increases, and expressions (1), (6) and (9) may be used 
to determine the mean and variance, which may be used if the ordinary x* approximation 
is found to be inapplicable. 
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§ 4. The general x* problem with small expectations 

The cases in which the ^ distribution is commonly used in tests of significance may be 
divided into three broad groups, in each of which the theory has been for some time 
reasonably complete where the expectations involved are large: (1) the comparison of a 
sample of grouped observations with a hypothetical frequency distribution, which may in 
the process of fitting be made to agree with the sample in one or more respects; (2) tests 
of departure from independence in contingency tables; (3) the comparison of the variance 
calculated from a sample in a discontinuous frequency distribution with the population 
viiriance. This is the case which we have been considering. 

Little is known about the ^ distribution in cases (1) and (2) when the expectations are 
not large. The only case which has been considered in detail is the 2 x 2 contingency table, 
for which Yates(3) has shown how to obtain the exact probability distribution. This paper 
also contains a table which greatly facilitates the use of exact tests of significance with 
expectations as low as unity; and this particular case, very important in practice, may be 
regarded as solved. 

There are two points involved. It is not known to what extent the true distribution 
deviates from that given in the tables of Fisher and Elderton, and it is not clear that x^, 
as ordinarily calculated, is the most appropriate general test of discrepancies between 
observation and hypothesis. Fisher suggested in 1922(6) that x^ derives its validity from 
the fact that with large expectations it is approximately equal to twice the logarithm (L) 
of the likelihood of the sample, with its sign changed, and that where this equivalence 
does not hold, L itself sliould be used instead of x^- If w is the expectation in any cell 
and X the value observed, 

L=Sx\og-. 

The same suggestion was made by Neyman & Pearson(7) in 1928 as a result of applying 
their criterion of likelihood to this mm. They also calculated (8) the exact distribution of 
L and compared it with the tabular x^ distribution in samples of 10 from a population 
divided into three classes with expectations 3, 5 and 2 respectively. They expressed them- 
selves as agreeably surprised with the closeness of the agreement between the L and x^ 
tests in this case. The agreement between the exact and the ordinary x^ distributions in 
the region used in tests of significance was excellent, and the discrepancies between L 
and x^ arose because L arranges the obseiwations in a different order from x^. 

In further work on this point, it would seem advisable to concentrate on the distribution 
of L itself rather than that of x*. For it is just as easy to work out the exact distribution 
of L as that of x^ in particular cases. Further, in contingency tables it is quite common 
for several distinct configurations to give the same value of x^, whereas in general no two 
distinct configurations give the same value of L, so that a better representation of the 
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distributi(m by a continuous curve should be obtainable for L than for x** ^he first 

approximation to the distribution of 2L = 28x log ^ is, of course, the tabular x® distribution. 

The wc^ in which they appear to diverge with small expectations is shown in Fig. 2, in 
which the general forms of the x® and ordinary smoothed L distribution are shown. 



Fig. 2. Comparison of and smoothed L distributions. 


The two distributions are compared for the Poisson series m = 2, iV = 4, already con- 
sidered, in Table III below. The values given in the column headed Px^ are obtained by 
fitting a tabular x^ distribution to the distribution of 2L, just as in Table I we fitted a 
tabular x^ distribution to that of xS- The x^ distribution has been corrected for continuity 
as this considerably improves the fit. 

Table III 


2L 

P>L 

Pf (corrected 
for continuity) 

6-595 

0-1976 

0-1084 

7-778 

0-0951 

0-0663 

]()-412 

0-0336 

0-0281 

11-094 

0-0233 

0-0131 

11-596 

0-0169 ' 

O-OKK) 

13-185 

0-0067 1 

0-(K)62 

16-155 

0-0015 

0-0020 


Except at the end of the scale, the x* distribution considerably underestimates the 
probability, even after correction for continuity. This appeared in afi cases examined and 
in particular in Neyman & Pearson’s example. The agreement is far from satisfactory, 
though it is not sensibly worse than that between the exact and the corrected tabular 
X® in Table I above. It is to be hoped that some frequency distribution will be found which 
will adequately represent that of L in this region, though no simple adjustment of the 
tabular x* distribution appears to meet the case. 
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SXTMMAEY 

Some examples are given of the agreement between the exact and the tabular dis- 
tribution in samples from the binomial and Poisson series with small expectations. The 
ordinary distribution tends slightly to underestimate the probabihty of discrepancies 
in the region used in tests of significance, but appears to give a satisfactorily close agreement 
except in very extreme cases (e.g. with expectations less than unity). Correction for 
continuity does not improve the agreement. 

A method is given for obtaining for any population approximations to any given order 
for the mean and variance of in samples in which the mean of the sample is fixed, and 
from this the exact normal approximation to the x^ distribution for the binomial series is 
obtained. Except for the Poisson series, this is not the same as the normal approximation 
to the ordinary x^ distribution. 

A brief discussion is given of the general problem of testing discrepancies between 
observation and hypothesis, in which it has been suggested that the likelihood, as defined 
by Eisher, is more appropriate than x^ as a test criterion. 
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An Enumeration of the Confounded Arrangements in the 
2x2x2... Factorial Designs. 

By M. M. Barnard, M.A., B.Sc. (Melbourne). 

Statistical Departuient, Rothamstecl Experimental Station. 

§1. I ntroduciion . 

The type of factorial design known as the 2 X 2 X 2 . . . ( - 2 ") 
has been familiar to agricultural experimentalists for a numb(*r of 
years. It is the simplest of the factorial systems, and is useful in 
exploring the possibilities of new inanurial treatments and methods 
of cultivation, and the interactions which may exist betw^een them. 
Its application is not confined to agricultural field trials, and there is 
little doubt that, as the advantages of factorial design become more 
widely recognized, it will prove to be of use in an increasing number 
of fields of scientific investigation. Various similar designs have 
already been utilized, for exain])le, in animal husbandry exj)eriments. 

In this system any number, of treatnnuit factors, occur at ea(‘h 
of tuo different levels 1,2, these levels being not necessarily the same 
for all the factors considered. There are thus 2" different })ossible 
treatment combinations. Tiie material at tlie experimenter's 
disposal may be grouped into sets of some j)Ower of two on the grounds 
of similarity. These sets might be blocks of land containing 2, 4, 
8 . . . plots as in an agricultural field trial, or litters of pigs in one 
concerned \^ith animal husbandry. If each of the blocks contains 
only I , ] ,etr., of the treat inent combinations, some of the comparivsons 
between the treatments are necessarily confounded with block differ- 
ences in each replication, but, by confounding different comparisons 
in the <lifferent replications, some information on all comparisons 
may be obtained. It is the aim of the present pa])er to enumerate 
these possibilities of (‘onfounding, and, with this object in view, it is 
Uvseful to consider first of all the structure of the systems. 

§ 2 . The Structure of the 2“ System. 

A set of 2** values of the treatment combinations can be replaced 
by any set of 2" independent linear functions of these values. Such 
a set of linear functions is said to be an orthogonal one, if, for every 
pair of functions in the set, the sum of the products of the coefficients 
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of the corresponding values is zero. The mean, the main efiects 
and the interactions form such a group.**® 

The structure can best be seen by setting out such a diagrammatic 
scheme as that given in Fig. 1. The 2* system has been used as an . 
example, but precisely similar schemes will apply in all cases. In 
this arrangement there are sixteen different treatment combinations 
of the type «, h, c, d, etc. Each of the fifteen treatment comparisons 
denoted, as shown in the left-hand column of the table, by 
A, By C , . . is represented by one of the sets of signs given in the 
body of the table. The headings at the top of the table, indicating 
treatment combinations, arc those api)ropriate to the assignment of 
the sots of signs. The symbols on the right-hand side and at the 
foot of the table will be referred to subsequently. 

Fkh’RE 1. 

The 2 ^ system. 
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* 'J'he mam otfect of any factor a hn.H iwen clc*fin<*fl a« the moan of the 
responses to the factor a m the j)resence of all combinations of tlie remaining 
factors; i.e. with three factors a, b and r, the main effect of a is represented 
symbolically by the expansion of - «i)(fea 4' + <^i)* 

The first-order interaction of a and b is similarly ciefin^^d as one-half the 
mean of the differences in the responses to the factor a at the two levels of I 
in the presence of all combinations of the remaining factors; t.r. with the same 
three factors, the first-order interaction of a and b is represented! by 
— «j)(h 2 — -{“ Cl). Similarly nith higher-order interactions. 
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It will be seen that the interaction between any two main elfects 
is represented by the set of signs obtained by multiplying together 
the corresponding signs of the pair of main effects considered, and 
that the same is true of any two treatment comparisons which have 
no treatment factor in common. This rule can be extended lo in- 
clude the generalized interaction of any two lines, provided that if 
the comparisons represented by these two lines have a factor, or 
factors, in common (such A B and BO), these factors do not 
appear in the resultant generalized interaction {AC, in the example 
chosen). 

This property imjdics that there is an internal symmetry in tlie 
table, such that if any appropriately chosen set of four (or, in the 
case of n treatment factors, a) lines be styled the main effects - the 
designation of the columns indicating treatment combinations 
being determined by the lines chosen — the remainder of the table 
will represent the interactions. The lines which can be “ ai>propri- 
ately chosen ” can be determined by successive stei)s. Thus if we 
now represent the treatment factors by p, q, r, .s', and the treatment 
comparisons by the corresponding capital letters, any two lines may 
be taken to represent the main effects P and Q, respectively. The line 
assignable to the interaction PQ is then determined. Any one of 
the remaining lines may be chosen to represent B, the lines represent- 
ing PR, QH, and PQR being then fixed. Finally any one of the 
reijuiining lines may be taken to represent >S : the r(38t of the inter- 
actions are determined in accordance with this final selection. This 
proce.ss is indicated by the symbols on the right-hand side and at 
the foot of the table. 

The initial choice need not b<* confined to main effects. The 
first selection might have been the as.signment of the first two lines 
of the fable to PQ and RS with the resultant detcrminatioi' of the 
fifth line as their interaction PQR^S. Thence the same procedure as 
before might have been followed. 


§3. i^onftniHduuf In the 2” Sifslcms. 

We may con.sider now' the possibilities of confounding treatment 
comparisons when a 2” system is aiTang<‘d in 2, 2® . . . or 2^ blocks 
in each replication. A table similar to that already given for the 
2^ system may be supposed set out. H there are to be two blocks in 
each replication and, in any one replication, the treatment combin- 
ations represented by the first 2” ^ columns of the table are placed 
in the first block, while those represented by the .second 2"^* columns 
are placed in the second, then the treatment comparison rcpre.sented 
by the first line of the table, w^hich is the difference between the 
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total responses to treatment in the two blocks, is confounded with 
block difierences in this replication. 

If each of these blocks is divided into two halves, so that there 
are 2® blocks in each replication, and in any one replication the treat- 
ment combinations represented by the first 2” ^ ® columns are placed 
in the first block, etc,, then the treatment comparisons represented 
by the first two lines and by the interaction between them, which 
represent the three possible comparisons which can be made between 
the blocks of this replication, are confounded. It is clear that the 
first two treatment comparisons may be chosen arbitrarily, and the 
third is then fixed, being their interaction. 

In general, if there are to be 2^' blocks in each replication and in 
any one replication the treatment combinations represented by the 
first 2^'“^* columns are placed in the first block, etc,, then the com- 
parisons represented by the first h lines and by the interactions 
between them are confounded in this rej)lication. Thus when th(i 
main effects or interactions corresponding to the first k lines have been 
chosen, tlnj remaining confounded interactions or main effects are 
uniquely determined. The selection of the first k comparisons is to 
be in accordance with the restrictions given above. 

In any chosen design of the 2 X 2 X 2 . . . type, the possibilities 
of confounding can, therefore, be written down without difficulty. 
It is not always advantageous to select arbitrarily the highest-order 
interactions for confounding, since the generaliz(‘d interactions of 
these among themselves may be first-order interactions, or even 
main effects, and these will then bo confounded also. The choice 
depends on the type of experiment and the specific points which the 
experimenter is desirous of investigating, ])ut, for the agriculturist 
at least, it is, in general, desirable to leave the main effects and as 
many as possible of the first-order interactions clear of block differ- 
ences. 


§ 4. Possible Sets of Co)fou)ide(l I oteractioiis. 

Table 1 shows for some of the simpler designs those typical sets 
of treatment comparisons which, in general, it will be best to confound 
in any one replication. These have been selected from all the sets 
possible, on the grounds that they involve no confounding of main 
effects and as little as possible of first-order interactions. The treat- 
ment factors and comparisons are denoted by the same series of 
symbols as in the earlier part of the paper. No arrangements in- 
volving the division of a replication into two blocks only have been 
included, since, in such divisions, it is possible to confound any one 
desired treatment comparison. 
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Table I. 

Typical sels of treatment co^nparisons which may advantageously 
be confounded in some of the smipler of the 2 x 2 X 2 ,, , designs. 


Owign. 

Sets of 'rrfatrnoiit OoiiiiiariHons. 

2* in 4 blocks of 4 treatments 

AB y AB ^ 

CD \ArD\ 

A BCD J BCD J 

2® in 4 blocks of 8 treatments 

AH ^AK(! ^AH -.AH 

('I)K \aI>K \A('I>K \Ar]>\ 

Alivmi HVDE > liV DM hS('D> 

2® in 8 blocks of 4 treatments 

AB 1 

AC 

B(* 

ADE 

BDK 

CDE 

ABCI>E 

AB 1 
CD 

ACE 

A DE 
B('K 
HDE 
AB(*D 

- 


Am* .AB(' ^A}i(* ^AH(l)^ 

2 * in 4 blocks of Hi treatments ; ADK \j)EF \Al>Kh' \A1iKF > 

, J ABCmCF J B(l>i:FU*I>EF J 


2* ID 8 liloeks of S treat ments 


AB 

BD 

BD 1 

ACE 1 

CD \ 

A BC 

AB(* 

BDE 

AB(*D 1 

ACD 

ACD 

B('F 

ACEF 

BEF 

U'EF 

adf - 

AI>EF 

DEF 

\ABKF 

A BCD 

B('EF 

Af'EF 

\adef 

ABEF 

BDEF 

A B( 'DEF 

1 B(1>EF 

('DEF 


2^ in Hi blocks of 4 treatments 


! AB 1 
i f 7> 

! FF 
A(*K 
BCE 
A('F 
; B('F 
\ ADE 
Bf>E 
A OF 
BDF 
AB(l) 
ABEF 
('DEF 
ABCDEF J 


Piiicli set is typical of a Tiiiinber of exactly analoj^ous ones which 
can be written down ini mediately by substituting the other treat* 
inent factors involved for those w'hich are given in the table. If the 
experiment is a replicat(*d one, a diffen»nt group may be confounded 
in each replication, so that all the information on a jnirticular group 
is not lost. The different groups need not be meinhers of the one 
analogous set, but it is usually more convenient if they are so chosen. 
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If, for example, the 2® design arranged in eight blocks of four treat- 
ments suits the experimenter’s requirements, the use of live repli- 
cations will give a symmetrical layout in which one of the five 
analogous groups composed of two first-order, four second-order, 
and one third-order interaction may be confounded in each repli- 
cation. With this arrangement each of the first- and third-order 
interactions occurs once, and each of the second-order interactions 
twice, in the complete experiment, so that 1/5 of the information 
on each of the first- and third-order interactions, and 2/5 on each 
of the second-order interactions is lost. 

If the 2® design is arranged in eight blocks of eight treatments, 
and it is decided to confound analogous sets of comparisons composed 
of four second-order and three third-order interactions, it might be 
hoped that the use of five replications would give a symmetrical 
design. This, however, does not prove to be the case. The best 
that can be done with five replications is that one of the twenty 
second-order interactions shall occur twice, while a second does not 
occur at all, the remaining eighteen occurring once and once only. 
On the other hand, if the system is arranged in sixteen blocks of 
four treatments, it is possible with five replications to obtain a sym- 
metrical arrangement iti which one of the analogous sets composed 
of three first-order, eiglit second-order, three third-order and one 
fifth-order interaction (the sets typified by that given in the last 
line of Table 1 ) is confounded in each nqdication. In this case 
of the information is lost on each of the fifteen first-order inter- 
actions, r on each of tln^ twenty second-order ones, J on each of 
the fifteen third-order ones, while the fifth-order interaction is com- 
pletely confounded. 

There is, of course, no necessity for the arrangement to be 
balanced in the above manner; indeed, five replications of a 2® 
design involve more material than an experimenter is likely to have 
at his disposal. In an agricultural field trial, for examj)le, 320 
plots would be required, which injplie.s a layout of greater magnitude 
than would commonly be feasible. This, how'(*ver, does not detract 
from the interest of the more complicated designs. One of their 
chief uses is in making exploratory surveys of new material where the 
primary object is to ascertain which of a large number of possibly 
relevant factors exert effects of any kind, the interactions, with the 
possible exception of the first-order ones, being of secondary interest. 
In such cases even a single replication may provide valuable infor- 
mation, and if a small number of the first-order interactions are 
inevitably confounded, as in the case of the 2® arranged in 
blocks of four treatments, these may be allotted to those treatments 
whose effects so far as can be judged a priori are least likely to interact. 
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Some, or all, of the higher-order interactions can be used as an 
estimate of error. ^ The partition of degrees of freedom in the 
analyses of variance of a single replicate of the 2 ® system, arranged 
in blocks of eight treatments, and in blocks of four treatments, is 
given in Table II (a and b). 


Table II. 

Partition of degrees of freedom for a single replication of the 2 ® 
design arranged in eight blocks of eight treatments, and sixteen 
blocks of four treatments, res pecti rely. 

(rt) Kijrht lilooks of oijrlit tivatmoiiiK. {h) Sixteen bl<K*kK of four treatments. 


Viknaiifo due to 

1 

j 1 of 

' Frfcdoiii. 

1 

1 

1 Variance due to 

1 1 lof^reei! of 
j Freedom. 

Blocks 

7 

i Blocks 

ir> 

Main cH'ccts 

G 

1 Main clTccts 

■ 6 

First 'Order iiiicractioriH .. 

1 ir> 

j First-order interactions .. 

' 12 

Error 

! :t5 

j Error 

• 1 30 

Total 

! iv.\ 

! Total 

! 63 


When a given amount of material is available, it is frequently 
better to use such designs as these, in order that as many factors 
as possilde may be included, rather than to use several replications 
of a design involving fewer factors, thus necessitating tlie oniission 
of certain factors which may be relevant. L. 11. C. Tippett has re- 
cently described similar arrangements, utilizing the properties of 
five [)y five hy])er-gra‘co-latin squares, wliich he used to investigate 
the effects of treatment factors, ignoring all interact ions.^ In all 
designs of tliis kind, preliminary investigation will show which of 
the factors susjiected of being irrelevant may be ignored with 
confidence, and then, if the exjierimenter desires more information, 
replicated experiments can be performed with those retained. 

§ 5. Summary. 

The aim of the pajier is toenumerale the confounded arrangements 
possible in a factorial design of the 2 " type, and to show how these 
may be obtained. 

In the introductory section a brief account is given of some of 
the jiractical ajqdioations of these designs. 

The second section deals with the structure of tlie 2 ” system, 
and sliows that the main effects and interactions are algebraically 
interchangeable, so that any set of signs in the schematic diagram 
given may be taken to represent any chosen set of tn^atnieiit com- 
parisons, provided that certain restrictions, made necessary by the 
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relation existing between any pair of comparisons and the generalized 
interaction between them, arc not violated. 

This leads to the general result given in the third section — namely, 
that if any one replication of a 2 ” system is divided into 2 * equal 
blocks, then k treatment comparisons can be arbitrarily selected for 
confounding, the choice being governed only by the above-mentioned 
restrictions, and the remaining confounded treatment comparisons 
are then fixed, being the generalized interactions between the 
original k comparisons. 

In the fourtli section a tabic is given which shows, for some of the 
simpler designs of the 2 ” type, typical sets of treatment comparisons 
which may advantageously be confounded in any one replication, 
and certain practical applications of these designs are briefly con- 
sidered. 

My thanks are due to Mr. F. Yates (Chief Statistician, Kothamsted 
Experimental Station) for the assistance he has given me throughout 
in the preparation of this manuscript. 

Refermccs. 

^ Fitther, R. A., 7'he Design of Experiments, Edinburgh ; Oliver and Boyd, 
1935. 

^ Tippett, L. H. C., Applications of Statistical Methods to the Control of Quality 
in Industrial Prcjduction, Manchester Statistical Society, 1930, pp. 1-32. 
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The Efficibncies of the Binomial Series Tests of Significance 
OF A Mean and of a Correlation Coefficient, 

By W. G, Cochran, B.A, 

1. Introduction, 

In a preliminary survey of a set of data, one sometimes wishes to 
decide rapidly, without any elaborate calculation, whether there is 
any indication of a correlation between two sets of figures, or whether 
a set of differences appears to indicate a real effect. In such a case 
a rough test of significance is wanted, by means of which the data 
can be separated quickly into those effects which require further 
examination by more sensitive methods and those which can at once 
be set aside as either proved beyond dispute as real, or showing no 
signs of being real. 

A convenient and familiar test of this type is provided by the 
binomial series distribution. In testing a set of differences, the 
numbers of positive and negative differences are counted, the sizes 
of the differences being ignored. If there is no real difference, and 
the errors are symmetrically distributed, positive and negative values 
should occur with equal frequency. The probability of obtaining 
r differences of the same sign out of n is 



and the exact probability of obtaining r or more than r differences of 
the same sign is easily calculated. Table I shows, for values of 


Table I. 

Minimum Number (r) of Like Si^ns out of n Required to Beach 5 per 
cent. Significance, 


n. 

r. 

fi. 

r. 

m. 

r. 

n. 

r. 

n. 

r. 

— 

— 

11 

10 

21 

16 

31 

22 

41 

28 

— 

— 

12 

10 

22 

17 

32 

22 

42 

28 

— 

— 

13 

11 

23 

17 

33 

23 

43 

29 

— 

— 

14 

12 

24 

18 

34 

24 

44 

29 

— 

— 

15 

12 

25 

18 

35 

24 

45 

30 

6 


16 

13 

26 

19 

36 

25 

46 

30 

7 

7 

17 

13 

27 

20 

37 

26 

47 

31 

8 

8 

18 

14 

28 

20 

38 

26 

48 

32 

9 

8 

19 

16 

29 

21 

39 

26 

49 

32 

10 

9 

20 

15 

30 

21 

40 

27 

50 

33 


Above w = 60, r may be taken as the smallest integer greater than 

(2 + v«). 











to 
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n up to 50, the number of differences of like sign, either positive or 
negative, required to reach the 5 per cent, level of significance. 
These numbers do not, of course, correspond exactly to 5 per cent, 
probabilities, since the binomial distribution is discrete. The 
probability of obtaining 9 or more like signs out of 10 is, for example, 
0*0215, but the probability of obtaining 8 or more is 0*109, which 
does not reach the 5 per cent, level of significance. The 5 per cent, 
level of significance is not reached until n = 6, even if all signs are 
the same. 

The test may also be used in examining a possible correlation 
between two sets of figures. The method consists in finding the 
mean of each set, and noting the number of pairs of values whose 
deviations from the mean are of the same sign. If this is unusually 
large, a positive correlation is indicated ; if it is unusually small, a 
negative one. This test is perhaps more useful than the correspond- 
ing test on differences, in that the exact calculation of the correlation 
coefficient is more laborious to make than the test of a mean difference. 

An example of the use of the binomial series distribution in testing 
a set of differences has been given by Fisher,* and may also be used 
to illustrate the test of a correlation. Table II is taken from the 
data given by Fisher. 

Table II. 


Additional Hours of Sleep Gained by the Use of 
Hyoscyamine Hydrobromide, 


Patient. 

1 (dextro-). 

2 (l®vo-). 

Dlflerenoe (2 — 1). 

1 

4-0-7 

4- 1-9 

4- 1-2 

2 

1-6 

4-0-8 

-f2-4 

3 

-0*2 

4- 1-1 

4- 1-3 

4 

1-2 

4-0-1 

4- 1*3 

5 

-~0-l 

-0-1 

0-0 

6 

4-3-4 

4- 4-4 

4- 1-0 

7 

4-3-7 

4- 6-5 

-f 1-8 

8 

4-0-8 

4- 1-6 

4-0-8 

9 

0-0 

4-4-6 

4- 4-6 

10 

H- 2-0 

4-3-4 

4- 1*4 

Mean {£) 

0-76 

1 -f 2-33 

4- 1*58 


One of the differences is zero, but the remaining nine are all 

positive, which points strongly to a real superiority of Lssvo- over 

Dextro-. The significance level indicated by this test is 2/2® or 1 in 

256 , whereas the exact level given by the t test is about 1 in 700 . 

We might also wish to test whether the patients’ responses to the 

two types of drug were correlated. It is easily verified from Table II 

that ythe responses to the two drugs lie on the same sides of their 

^,.*1 ^ Fisher, Statistical Methods for Buearch WorlcerSt § 24. Edinburgh : 

Ohy«r and Boyd. 
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respective mean responses, except for patients 8 and 9* Thus 
there are 8 similar responses out of 10. This does not reach the 5 per 
cent, significance level, as reference to Table I shows, but it is suffi- 
ciently near to call for further examination • by the exact test of 
significance. We find r = 0795, which is significant at the 1 per 
cent, point. 

The above is not a good illustration of the practical circumstances 
in which the tests would be useful. The number of pairs of observa- 
tions (10) is small, and one would be reluctant to discard any in- 
formation ; further, for the same reason, the exact tests of signifi- 
cance can be made without labour. It is when the number of 
observations is large, say over 40, so that some information may be 
spared and the exact tests are more laborious, that the approximate 
tests will be useful in a preliminary analysis. 

The object of this note is to compare the efficiencies of these tests 
with those of the exact tests, i.e. to determine how much information 
is thrown away by ignoring the sizes of the differences or of the 
deviations from the means. The point is of some importance, 
because if the tests prove to be of low efficiency, further examination 
may still be required when they give a result of non-significance. 


2 . The Efficiency of the Binomial Series Test of a Difference. 

If the differences vary normally and independently about a 
mean g, with standard deviation a, the probability p of obtaining a 
positive difference is 



a 


Hence, by estimating p from the observed distribution of positive 
and negative signs, we obtain an estimate of ^ — t (say) 

I " 5 * 

Now, 3 

Hence F(t) == 2ne^'V{p) = ^Tx^^pyjn. 


An efficient estimate of - is 



Aud = 


*-7^, where t is Student’s t. 

V n 



it Mmt&anKt. i, 

T&e effioieooy of estimadon by tbe binomisl aeries is pven by tbe 
ratio the ▼axiamses of ♦ attd t when n is large. 

lffioiency = ^j = g;^. 

Table III shows the percentage efficiency of estimation for a series 
of values of 

o 

Table III. 


Petceniage Efficiency of Estimation of ^ by Taking Account of Signs 

Only. 


o‘ 

0 ! 

±i- 

± 1 . 


D 

A 31 . 

± s. 


63-7 

58-1 

43-9 

in 

131 

50 

1*5 


tJL 2 

The efficiency is greatest when ~ = o at which it has the value 
Thereafter it decreases steadily to zero. This is to be expected, since 
when ^ is large, the signs of the differences will all be positive except 

very rarely, and the estimate of ^ will almost always be + oo . 

The efficiency of the test as a test of significance is its efficiency 

u. 2 

of estimation when “ = 0, and is i.e, just under §. Thus about J 
of the information is discarded by taking account of signs only. 


3. The Efficiency of the Binomial Series Test of a Correlation 
Coefficient. 

We may assume that the pairs of values, x and y, are distributed 
about zero in a bivariate normal distribution. The probability of 
obtaining two deviations of like sign is 


p== 






dxdy 


This may be written 


B^t 


P = . 


1 


‘ lo lo + »•) 


TtVl P* 

sd that the value of p gives an estimate of the correlation coefficient p. 









1987] 


Bffimenmea of the Binormal Series Tests. 


73 




This may be written 

i -i-- f j ^ ^ ^ dxdy 

over the sector of the a*, y plane in which 0 lies between 0 and sin-' p. 
A change to polar co-ordinates gives at once 


sin"^ p 


Hence = 

ap 

Hence if p^, is the estimate of p 


dp 

dp TcVl — p*^ 


y{9b) = ^^*(1 — 9^) F{p) 


7t2(l — ^fpq 


(I — p2\2 

The variance of an efficient estimate of p is -- — so that the 

n — 1 

efficiency of estimation of p by the binomial series distribution is 

The percentage efficiencies for a series of values of p are shown 
in Table IV. 

Table IV. 

PerceMtage Efficiency of Estimation of p by Taking Account of Signs 

Only. 


Q 

00 . 

i0*l.j iO-2. 

1 

±0 3. 

4 0-4. 1 ±0-5. 1 ±0*6. j ±0-7. 

±0-8. 1 ±0*9. 1 ±1-0. 

K 

40-5 

40-3 39-6 

38-3 

36 6 1 34-2 i 31-2 I 27-5 

i 1 1 

22-4 i 15-6 0-0 

1 


The efficiency decreases slowly from the value at p = 0, to zero 

at p — i I . The efficiency of the binomial series test of significance 
is 40 per cent. This rather low figure indicates that the test must be 
used with caution in setting aside data on the grounds that there is no 
apparent correlation. A glance at the sizes of the deviations from 
the mean will, however, generally enable one to decide whether the 
question requires further investigation. 
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Problems Arising in the Analysis op a Series op Similar 

Experiments. 

By W. G. Cochran, B.A. 

§ 1. Introduction. 

An efficient type of modern field experiment is that in which a 
replicated trial is laid down in the same year at a number of centres, 
or carried out at the same centre independently throughout a number 
of years. The statistical problems which arise in the interpretation 
of the results of such a set of data are of wide generality. For any 
treatment effect, we obtain at each centre an estimate x and an estim- 
ate s of its standard error, based on n degrees of freedom. As a 
])reliminary to more detailed examination, the experimenter wants 
to estimate and test the significance of the moan treatment effect 
and to find whether it has varied from centre to centre. 

If the individual experiments are assumed to be equally accurate 
and the estimated standard errors do not contradict this assumption, 
the statistical treatment is easy and familiar. If there are k (‘entres, 
the data for any particular treatment. re.sj)onse may be analysed into 

I>.F. 


Moan responso 

Interaotion of reaponso with c’ontn'a 

1 

...a- I) 

Local cxporiniontal error 

nk' 


The interaction of the treatment res]ionse may be tested against 
the combined experimental errors, and the mean res])onse may be 
tested against either the interaction or the (‘xperi mental error. 
The interj)retation of these two tests has been discussed by Fisher (1). 

It will, however, bo the exception to find the individual experi- 
ments all of the same precision. The object of this ])aper is to dis- 
cuss the estimation of the mean response and the t(^st of significance 
of the interaction of the response with centres, where we do not wish 
to assume that the standard errors are all <jqual. 

§ 2. The Equations of Estitnation. 

The most general hypothesis to be considered is that the treat- 
ment response at any centre is the sum of two parts, each normally 
and independently distributed ; one, representing the contribution of 
local experimental errors, varies about zero with standard deviation 
while the other, which re])reseuts the responsiveness of the centre 
to the treatment, varies about a general mean (x with standard devi- 
ation a. The parameters jx and cr are the same for all centres, but 
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(ji varies from centre to centre. An estimate Si of a*, based on n 
degrees of freedom, is available from the local analysis of variance. 

For a single centre, the joint sampling distribution of Si and a*, 
may be written, apart from the constant of integration 




e Ho .- ‘•^+■’>‘1 


Hence the logarithm of the likelihood for all centres is 

L 


nS log a. - JS log (a* + o.2) - 


the sum being taken over all k centres. 

The equations of estimation of p, o are 

. . . . 

C[l 4 “ 

()Jj vt ft 'll o 2 

C*(5| 

c'L 




4' 


, a,(x, — (i)* 


s 


c. ®C*‘l 


o* i 0,' 


2 ' f 0.2)« 


(o* -f 0,2)2 


0 . 


( 1 ) 

( 2 ) 

( 3 ) 


The equations are complicated and have no sinij.le general solu- 
tion. The complication is mainly due, to the fact that the value of 
r, provides information about all three parameters (x, o, and o,. 


§ .3. The Estinmtion of the Kes}miise when it is Assinned Constant at 

all Centres. 

If we assume o = 0, the equations of estimation of jx and o, give 

(H 


0.2 


«s2 4- (j-, . n)2 

« t 1 


(r>) 


Tlius the equation of estimation of the mean respons.- is 


S 


X, — [X 


« («) 


If the values of o, were known exa<'Uy, the .sullicient estimate of 
the mean would be. given by the solution of 

(7) 

i.e. by the weighted moan. Where the a, have also to be estimated, 
e do not simply replace a* by .v, in equation (7) to obtain an efficient 
estimate, but make use of the extra information about o, contained in 
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Equation (6) may be solved fairly quickly by successive apptoxi* 
{nation, starting with the unweighted mean as a first estimate. 

To find the amount of information in the estimated mean and 
perform tests of significance, it is necessary to calculate the sampling 
variance of the solution, ji say, of equation (6). For a given set of <i< 
and n, this would at first sight appear to depend on all these unknown 
parameters, but Bartlett (2) has shown how to use the information 
available about the unknown a, to obtain the sampling variance of 
|i in terms of the single unknown i*. In the joint distribution of x 
and s at any centre 

+ .... ( 8 ) 


he writes S + (.r ~ ijl)^ and substitutes for s in terras of L. 

This gives for the joint distribution of a? and 21 

^*-1 (-- i ) 

02 :- {1 - er^^idxdZ . . ( 9 ) 

It will be noted that the distribution of x for fixed 'L depends only 
on the unknown mean (x. Thus the variance of a for a fixed S, 
which is known if p is known, will depend only on the unknown mean 
fjL, and not on the a,. 

To find the variance of {1, write 


Now 

= . . . (II) 

Thus if the number of centres is large, 

( 12 ) 

From eipiation (9), the variance of x for fixed S is ^ 1. Thus 

and 

^(“) ’ s))“ 

so that 




The average amount of information for a fixed set of <7, is E 


and is easily found to be 


(n -f 1) 


S 




• ( 16 ) 
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Thus the average fraction of information lost through the inaccuracy 
2 

of the weights is 

An alternative which suggests itself to the use of the maximum 
likelihood solution is the weighted mean 

"’I 

This has the advantage that it can be calculated directly and is a 
familiar type of mean in statistical work, and it is worth while 
estimating its efiS^ciency. For a fixed set of 

= .... (18) 


so that a knowledge of the s, does not, in this case, enable us to dis- 
pense with the knowledge of the o*, though it has the advantage 
that for fixed |x«, is normally distributed. Since 

.2 1 


E 


(i) 


--- -\and E 
n — 2 


\h^) (h — 2)()t — 
:ed set of a, is, j; 


(h - 2)(» - 4) a* 
the average variance of for a fixed set of o, is, provided n 


> 4 , 

(If) 


Thus the amount of information in the weighted mean is 

G“S ■'•■(?) 

(Comparison with (16) shows that the superior etficiency of the maxi- 
mum likelihood solution is equivalent to having 3 extra degrees of 
freedom in the estimates Si. 

For n = 4, expression (19) gives an infinite value for the variance 
of the weighted mean gip. This is not correct, since (18) shows that 
for a fixed set of a* the variance of cannot exceed the greatest 
of the variances a, i.e. the weighted mean canmit do worse* than give 
as the estimate of g the most variable single value ,i\. For n ~ 4, 
the average variance of |x«, can be show n to be 

si\) (21) 


This value lies between the most and least accurate of the individual 
estimates at the various centres. What is happening is that indi- 
vidual low values of Si are turning up so frequently that usually 
all the information about g is being derived from a single centre. 
Thus the jiercentage inforinatioii retained tends to zero as the number 
of centres increases. 

K 2 
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The percentage efficiencies of ft and [i are shown for small values 
of (X in the table below. 

Table I. 

Percentage Efficiencies of (l and |x„,. 


n 

2 

3 

4 

5 

6 

8 

1 


16 

20 

A 

33 

50 

(U) 

07 

71 

78 

82 


90 



0 

0 

0 

33 

50 

67 

75 


89 


For n greater than 15 there is little to choose between the two 
estimates, but for n less than 10 the increase in efficiency of the 
maximum likelihood solution is worth the extra labour. For 
values of n between 2 and 6 a good deal of information is being lost 
in the process of estimation of the weights. As these cases may be 
of practical importance (e.g. n = 2 might represent a set of 3 X 3 
Latin squares), it is worth considering the relative efficiency of 
two other types of mean which suggest themselves. 

One is the unweighted mean. This always retains a finite 
fraction of the information, the fraction decreasing as the true accur- 
acies of the individual exi)eriments diverge, and is not subject to 
any loss due to estimation of weights. The other method is to fix 
arbitrarily an upp(‘r limit to the weights, and below that to weight 
inversely as the estimated variance. This is equivalent to recogniz- 
ing that in practice there is a limit to the accuracy with which an 
individual experiment may be carried out, and that very low values 
of 6*t are likely to be under-estimates of the corresponding o,. The 
method has the advantage that no single exj)erimcnt exerts too 
predominating an influence on the mean, while bad experiments are 
properly scaled down in weight; on the other hand, it has an element 
of arbitrariness in the choice of the upper limit. A comparison 
of the four types of mean for low values of n is given in the next 
section, the number of centres being assumed to be large. 

§ 4. The IMcUive Efficiencies of Four Types of Mean. 

The relative efficiencies of the weighted mean and the maximum 

likelihood solution have been shown to be and 

\n—2/ \n+l/ 

respectively, where n is the number of degrees of freedom in the esti- 
mates s,. The variance of the unweighted mean is 

where k is the number of centres, and can be calculated for any 
given set of a,. 
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To calculate the efficiency of the weighted mean with an arbitrary 
upper limit, let the minimum true error variance be guessed as 
Then in sampling from a set of experiments in which the true variance 

is o®, we take the weight w as— g whenever ^ oq® and as 4 when- 

Oq 

ever The variance of the mean S(wx)IS(w) for any given 

set of and fixed weights is 

and the average variance for a given set of is 

For n = 6, for example, the probability that ^ Oo^is, (cf. (3)), 

Pij- £ - 1 - »-•.■{! + * x> + 1 (‘/‘yj 

whore 1‘/^ 

We require also the mean value of range (cr^,, oc). This is 

found to be 

1 . !z>) 


1 - ^ 1 1- ’ /• I , (2 '■ >TJ -i 2V I ‘ + v' ! 


Similarly 




The relative efficieueiea of these four types of mean will depend 
on the distribution of exp<*rimental errors cr/^. To obtain some actual 
figures, the efficiencies have been caleuhited for some sets of hypo* 
thetical values of o/- whi(‘h are intended to cover the range likely 
to occur in [)ractice. It is assumed that the k centres are divided 
into three groups as regards accuracy : a number \k have the same 
exf)eri mental variance li\ \xk have variance mi\ while the remaining 
vA* have variance n\\ W e have 


X 4’ g 4- V 1 and / < /« < n 

The sets of values assigned to (X, g, v) are ; (()*2, Odi, 0-2) and 
(0-3, 0*4, 0*3), the first set representing, for instance, the case in which 
60 per cent, of the experiments have the same accuracy, while 
20 per cent, are less accurate and 20 per cent, more accurate. For 
(iach of these sets, (f, w, n) have been given the values (i, 1, 2) and 
(i, 1 , 4) respectively. The case (X, g, v) -- (0*2, 0*6, 0*2), (/, m, n) — 
(1,1,2) means, for instance, that J of the centres have ex})eriniental 
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variances |v, % have variances v and the remaining ^ have variances 
2 v. The four cases resulting cover a fairly wide range of variation 
in the accuracy of individuaJ experiments, the relative accuracy of 
the best and the worst experiments ranging from 4 to i6. 

Comparison of the four types of mean suggested is made in Table 
II for « = 6, 4 and 2 . 


Table II. 

Relative Efficiencies of Four Types of Mean, 


n. 

Relative 
Aceuraey 
of tlic ' 
Groups 

(ly niy «). 

Proportion 
in Groups 
(Ay fiy v). 

Maxi- 

mum 

Likeli- 

botKl 

Solutiou. 

Weighted 

Mean. 

Weighted Mean with Upper 
liimit. 

Un- 

weighted 

Mean. 

2 

1 

r 

2 

ITv' 

1 ' 
2v \ 

1 

6 

J, 1,2 

0-2, 0*6, 0-2 

71 

CiO 

64 

82 

85 

86 

83 



()-3, 0-4, 0-3 

71 

50 

62 j 

81 

82 

82 

76 

4 

4,1,2 

0*2, 0-6, 0*2 

60 

0 

67 i 

78 

83 

83 

83 



0-3, 0-4, 0-3 

60 

0 

1 

68 

76 

80 

79 

70 

2 

4, 1»2 

0-2, 0-6, 0-2 

33 

0 

60 i 

74 

78 

82 

83 



0-3, 04, 0-3 

33 

0 

60 

70 

74 

77 

76 

0 

i,l,4 

0*2. O-O, 0-2 1 

71 

50 

69 

72 

71 

69 

48 



0-3, 0 4, 0*3 1 

71 

50 

73 

75 

71 

67 

36 

4 

i,l,4 

0-2, 0*0, 0*2 

60 

0 

60 

63 

65 

65 

48 



0*3, 04, 0*3 

60 

[ 

0 

63 

63 

62 1 

60 

36 

2 

J.1,4 

! 0*2, 0*6, 0*2 

1 33 

0 

44 

49 

53 

56 

48 



0*3, 0 4, 0*3 

33 

0 : 

1 

42 

45 

i 

47 

48 

36 


As the upper limit to the possible weights decreases from infinity 
(no adjustment) to zero, the efficiency increases from the value given 
by the weighted mean to a maximum, and thereafter decreases to the 
value given by the uuweiglited mean. Owing to the variability of 
the estimated weights, the maximum efficiency docs not coincide 
with the case in which the upper limit is guessed correctly, but with 
a somewhat lower value. The efficiency is not very sensitive to vari- 
ation ill the point at which the ujjper limit is fixed, provided that it 
is not fixed too high. 

Where (I, in, n) ~~ (^, 1 , 2), so that the experiments do not vary 
widely in accuracy, there is little to choose between the unweighted 
mean and the weighted mean with fixed upper limit, the maximum 
likelihood solution being definitely inferior. With the wider vari- 
ations in precision, the weighted mean with fixed upper limit is the 
most accurate, and for a = 4 or 6 the maximum likelihood solution 
comes next. 

To sura up the question of estimation of a mean response where 
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it is assumed ikat there is no variation in response from experiment 
to experiment, the weighted mean, weighting inversely as the esti- 
mated variances, may be recommended if 1 5 or more degrees of freedom 
are available in the estimates of the weights. With less than 15 
degrees of freedom one of the other means is advisable, and each has 
something in its favour. 

The maximum likelihood solution is satisfactory from the point 
of view of information for values of n as low as 6, though it is slightly 
more tedious to calculate than the other means. The unweighted 
mean has simplicity to commend it, and is ])articular]y suitable with 
sets of experiments which do not vary widely in precision and with 
low values of w. For values of n below 6 the weighted mean with 
a fixed upper limit is the most accurate of the three, if the limit 
can be chosen to represent the accuracy of the best group of exj)cri- 
meuts. The difficulty of assigning a standard error to this mean, is, 
however, a serious disadvantage. 


§ f). The Test of Sigoifiawee of the Mrcw Respo)ise. 


The tests given here are strictly appropriate to a large mniiber of 
(MMVtres; the mejin is assumed to he normally distributed, and is 
(•omj)ared in the normal })robability table with an unbiased estimate 
of its variance. In the analogous case of ccpial precision, the approxi- 
mation is c(pii valent to replacung the /-distribution for nk degrees 
of freedom by the normal distribution. The agreement botwc^en the 
exact and approximate tests may not be as good with niUMpial as 
with equal variances, but may be expec'ted to be satisfactory unless 
k is small. The case k - 2 is l)eing investigated. 

The estimated variances of tlie weighted mean and tin' maximum 
likelihocnl solution have already been found. Tin* avt'rage variance 


of the weighted mean is 


( 



by an 


unbiased estimate in terms of .s’^, we get for the standard error 


\ - 4 



■III the niuximmii likelilKKut solution, tho estinmto of the experimental 
variance o,® at any cetitre is taken as 

! (.»•.- r 1) 

and th(! standard error <tf the mean mav he written 



where p ia the eatimate of the mean. 


" ±_L__" ^ 

r(x-{L)V 
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The eetimated standard error of the unweighted mean X is 

It should be noted that the distribution of — depends on the ratios 

of the unknown o^, and is not that of Student*s t unless the cfl are all 
equal. Where the product nk is sufficiently small that a i-test is 
indicated, a first approximation to the exact test may be found by 
a device which has been used by Fairfield Smith (4). The variance 
of any individual estimate is 

F(s2) == 2 oVh 

Hence an estimate of the variance of is 

But if nj is the number of degrees of freedom appropriate to 
an estimate of is 

Thus the relative precision of is estimated by assigning to it 
a number of degrees of freedom equal to 

--- nS^{^)IS(H*) 

This number only attains its maximum, vk, if all experiments have 
the same s^. It readies its minimum, a, if a single centre is much less 
accurate than any of the others, and in this case indicates, quite 
correctly, a /-test against n instead of td: degrees of freedom. In 
general, the integral part of may be taken as the number of 
degrees of freedom in sj. No examination of the closeness of this 
apiioximation has yet appeared in print, but consideration of the case 
with two centres only indicates that the approximation may 
over-estimate on the average the jirobability of a deviation arising 
by chance. 

I have been unable to find any method of obtaining a simple 
estimate of the standard error of the weighted mean with fixed 
upper limit. Even if a method were found, a weighted mean with 
a badly chosen upper limit would be assigned an under-estimate of 
its standard error. Unless this difficulty can be satisfactorily over- 
come, this mean is ruled out w'here an exact test of significance is 
required. 

§6. The Test of Signifiemwe of the VaruUion in Response from 
Centre to CetUre, 

A test could be obtained by solving equations (t), (2) and (3) for 
o and using the solution, a, as a test criterion, the significance levels 
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being obtained from the frequency distribution of 6 when a ^ 0. 
The test would be efficient if the mathematical specification of the 
problem set up in § 2 conformed to practice, but in any case the method 
cannot be used owing to the comydexity of the equations. 

If the mean response [i were known, the values (x — |x)/j 5 would, 
in the absence of any variation in response, be distributed as i with 
n degrees of freedom, and a sensitive test could presumably be based 
on the value of 


Where the value of (i is unknown, analogy with the analysis of vari* 
ance suggests that the appropriate estimate of it for this purpose is 

X I 1 

the weighted mean = S -j / S which is the value of [l which 

minimizes Q, With this value inserted, Q may be written 
^ (.r ^ 


The efliciencv of this (piuntity as a test criterion will deyieud on the 
ty[)e of variation in response which occurs in practical applications, 
but it seems reasonable on common-sense grounds. It may be noted 
that the same type of expression is used to test the departure from 
independence in a 2 X N contingency table (cf. (5), § 21). 

If the weights were known exactly, Q would follow the distri- 
bution with {k - 1) degrees of freedom, k being the number of centres. 
In general, Q may be written 




I 




so that it is distributed as the sum of the sipiares of k values of ^ 
less a correction term which is a weighted mean of the values of t. 
A good a})proximation to the distribution of Q should be obtained 
by replatdng the weighted mean in the correction term by an un- 
weighted mean. In particular 


Mean ((i^) 


V 


A:~-l - 



Mo«u{.sx^ -/)“} ( -1) 


SO that in replacing Q by S(t — if we are jirobably tending to over- 
estimate slightly the probability of a discrey>ancy arising by chance. 
Further 




k(fl *— l)i 
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Thus S(t — ?)* has the same mean as x* with (* — 1 ) 

of freedom, but its variance is too lai^e, approximately in the 

ratio A transformation which leads to the same mean and 

\M — 4 / 

variance as is obtained by putting 

(k 


Xic 




■1 <‘- 


»} 


The distribution of and the tabular x^ tend to the same normal 
distribution, for any value of n, as k tends to infinity ; they also tend 
to coincidence, for any k, as n tends to infinity, and have the same 
mean and variance for all values of n and k, except for very small 

“ a 


k(n~~ 1) 


may 


values of both, in which the additional factor 

be brought into the transformation. The agreement between the 
distribution of and x^ n‘ay he expected to be at its worst for low' 

/ ! ti — 4 \ 

values of both, since x,r^ has a lower limit — 1) (^1 ^ j j 

instead of zero. The diflerence even here is likely to be small for 
moderate values of and k\ for 10, A == 11, for instance, 
the lower limit of y j is 1-835 and the probability of getting a value 
of x^ lower than this for ro degrees of freedom is only 0 0025. 

It is therefore suggested that the transformation 

i j / n — 2 \ ^ 

V ^ ^ ' 


x 2 - a'-j) + 




may be used in testing the significance of the variation in response 
from centn* to centre. 

For a given value of //, this approximation will be w-orst when there 
are only two centres. The difi’erencc is, however, still on the side of 

^ ^ \2 

declaring too few' significant results, for Q \ ^he Q^y} 

transformation is based on the distribution with n degrees of 
freedom, w'hereas the exact distribution of Q is probably better 
aj)proximated by using in a number of degrees of freedom lying 
between and 2n, as indicated by the method suggested in § 5. 
Even with only tw'o centres the Q^y^ transformation will thus avoid the 
danger of obtaining too many significant results, though the method 
of determining the ccjuivalent number of degrees of freedom is to be 
recommended as more sensitive, and further w'ork on this important 
particular case is needed. 

In general, the use of as a test criterion is inadvisable for values 
of n below 6; the Q^y^ transfornmtiou breaks down when 4 , 
and the variance of the /-distribution itself is infinite when w = 2. 
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In these cases it is best to obtain the individual values of ( = (x — [l)Is 
and compare these with the tabulated ^'distribution. The esti- 
mate of jjt used should be one of the three other typeti of mean 
suggested, but not the weighted mean. The transformation from 
Q to X® cannot, however, be used with these means, since they will 
always give higher values of Q than the weighted mean. 


§ 7. EstifncUion of the Mean Response when it Varies from Centre to 

Centre, 

If it cannot be assumed that the interactions do not exist, the 
question of estimation of the mean response is more difficult. 
Equation (1) 

. (^1 — M -) 


S 


(j2 . 


==0 


indicates that a kind of semi-weighted mean is appropriate, but the 
complete solution of equations (1), (2) and (3) w'ould be very tedious. 
If a fairly efficient solution is required in a particular case, there will 
probably be very little information lost if tin* .s' ^ are used as estimates 
of and p and are estimated from the simultaneous equations 

a- 4- sr 


S 




.^2- '’(a2 4 ,v2,2 

The solution of these e(|UHtions is as a rule quite* rapid. 

In general, a simj^ler solutioTi will be wanted, and it is worth com- 
})aring the efficiencies of the unweighted and weighted means. 
(Vmsider first the case in wduch the values of and a, 2 arc known 
exactly. The variance of tlie semi-weightetl mean 


S 


a* i 0| 


1 

<t 2 f~ a, 2 

The variance of the unweighted mean i.s 


I 




IS 


hS 


J 




while that of the weighted mean 

6’-": 


IS 


4 o 

o, 


S- 


s 
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The relative efficiencies of these three types of mean will dq)end 
on the distribution of experimental errors a? and on the interaction 
o*. To obtain some actual figures, the efficiencies have been calcu- 
lated for the set of experimental variances used in Table II, giving 
to (X, [i, v) the additional values (o-i, o-S, o-i) and to (I, m, n) the 
additional values (J, i, 3). This provides nine instead of four ex- 
amples of variation in experimental errors. 

The interaction variance has now to be considered. For each of 
the nine selected cases, the efficiencies are continuous functions of 
the interaction variance rv, say. The mean experimental variance 
for any set (X, |x, v), (I, m, n) is 

(Xl [itn -f- vM)ti — KV (say) 

and for each of the nine cases, the efficiencies have been calculated 
for r — 0, Ik, k, 2k, so that the interaction variance is respectively 
o, 1 , 2 times the mean experimental variance. This gives a 
3x3x4 table of 36 pairs of entries. 

Table III. 

Efficmicies of the Umeeighied and Weighted Means. 


JlelHtivc Acciiraoiffl of the Tbrot* lironps of (Uuitw*. 


Proportioiw 1 
in Oroupft. 

i=»0. 

(1,1. 

i Iss- (1’5 

2). 

i-l. 


! 

(h u 

5 i 

:n. 

1 

i 

1-2. 


(1,1, 

lw.0 }V. 

4). 

t 1 

t 'X 2. 

(01,0S,0 1) 

IT 

91 

96 

98 

99 

r” 

1 

91 

m 

97 

67 

86 

1 

91 

95 

W 

100 

* 98 

97 

90 

1 100 

94 

80 

8o 

UH) 

88 

81 

I 75 

(0 2, 0-6, 0'2) 
u 

83 

i 

! 92 

96 

98 

62 

84 

SHt 

9o 

48 

77 

86 

93 

w 

100 

I 97 

94 

91 

100 

91 

; 8.-, 

79 

100 

86 

78 

71 

(0 3,0-4,0'3) 

u 

76 

1 89 

94 

97 

.)! 

78 

88 

94 

1 I 

72 

83 

92 

w 

100 

1 96 

93 

89 

i 

100 

9(» 

83 

76 

I 100 

' 84 

i 7.5 

1 

68 


U — UnwH^^htt'cI mean. W - Weightwl mean. 

i = Ratio of interaction variance to the mean local error variance. 


Several features of the table are obvious. If there is no interaction 
(i ™ 0), the weighted mean is the same as the efficient solution. 
This is also the most imfavourabje case for the unweighted mean; 
its efficiency decreases, as the individual experiments diverge more 
widely in precision, from 91 per cent, to 36 per cent. As the inter- 
action variance increases, the efficiency of the weighted mean falls 
steadily, while that of the unweighted mean rises steadily. For 
i = 0*5, the weighted mean is still superior to the unweighted, but 
for i = 1, the unweighted mean is superior in all cases, the maximum 
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losa of information being 17 per cent, in the worst case. For t = 2 
the loss of information with the unweighted mean is small in all 
cases. 

In practice the situation is much more favourable to the un- 
weighted mean than Table III indicates. For the weights in the 
semi-weighted mean and in the weighted mean have to be estimated, 
and the estimation results in a loss of information on these means 
to which there is no corresponding loss on the unweighted mean. 
In particular, the information in the weighted mean has been 

shown above t*o be decreased in the ratio , ), where n is the num- 

\n — 2/ 

her of degrees of freedom in the local experimental errors. With 
n 16, for instance, the efficiencies of the weighted means in Table 
III have to he multiplied by This would make the unweighted 
mean superior to the mean throughout Table III, except in a few 
cases in which there was no interaction. 

These results indicate that the unweighted mean may safely be 
recommended where we do not assume that interactions are non- 
existent, particularly since, with a large number of centres, it Is 
usually necessary to k(*ep the individual experiments small, so that 
there will rarely be as many as 20 degrees of freedom in the estimates 
of the local experiimmtal errors. 

Where the response varies from centre to centre, it is usually 
appropriate to test the mean response by (‘omparing it with the 
variation from centre to centre, espf3cially if the centres constitute 
a random sample from all possible centres. The usual expression 

~ . <S(.r - ~ 1) taken over all centres, is an unbiased 

estimate of the variance of the unweighted mean .f. The ^-test with 
{k -- 1) degrees of freedom will, however, lead to too many siirni- 
ticant results unless the interaction variance is large compared with 
the local experimental variances, sirue with one very inaccurate 
experiment, for instance, the e.stimate s/ might have a precision 
based on only one instead of {k — 1) degrees of freedom. The /-test 
is, however, kmovn to be relatively insensitive to most types of 
departure from normality in the original data and may be recom- 
mended in the great majority of cas<5s, except where the 
probabilities of a number of tests are being combined, or where the 
test gives a result very near one of the significance levels and an 
exact verdict is wantiHl. 

Two alternative tests may }>rove useful. In many cases it may 
he sufficiently precise to take aceouut of the signs of the responses 
only. The efficiency of this test, where the variances are equal, 

has been shown to be ^ or 64 per cent, in (6), where a table of the 
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5 per cent, points is given. In doubtful cases, with a small number 
of centres, an exact test of significance may be made by assuming 
that in the absence of a true mean response, the responses observed 
at the centres would have occurred with positive or negative signs 
equally frequently. The complete distribution of the mean may be 
worked out, as exemplified in (1), pp. 50-4. Bartlett (7) has con- 
sidered the approximation to this distribution by a continuous 
frequency distribution, and further work on his lines may enable 
us to assign an appropriate number of degrees of freedom to in 
any particular case by use of some statistic such as Fisher’s C* 
((5), § 14). In a few examples I have worked out, the <-test gives a 
good approximation. 

§ 8. ^ Test of Significance of the Variation in the Local Experimental 

Errors, 

It sometimes happens that the individual experiments may all 
be regarded as having tlie same precision, and in this case, as pointed 
out in §1, the analysis is much simplified. It is on this account 
worth having an idea of the amount of purely random sampling 
variation to be expected in the experimental errors. To obtain this, 
the experimental variances s^^ are each divided by their mean 
over all k centres. The corresponding values, multiplied by n, 
should be distributed a])proximateIy as yf with n degrees of freedom, 
and their range may be compared with the j>ublished table (5). 

A general test of significances of departure from the hypothesis 
that the variances are all estimates of the same quaiitity has been 
given by Neymaii and Pearson (8). The test function which they 
recommend is 



Tables have been given by Nayer (9). 

In conclusion, wliile the above text has referred verbally to agri- 
cultural field experiments, the problems discussed are likely to turn 
up in any large-scale co-o])erative experiment. In })articular the 
data considered by Neyman and Pearson (8), which arose in u factory 
experiment on the control of uniformity of ])roduct, are, of exactly 
the same form as those discussed above. Tlieir figures give the break- 
ing strength under tension of small bri(juettes of cement-mortar. 
The cement was mixed on each of lo different days, and 5 briquettes 
were tested each day. Thus the results j)rovide a mean breaking 
strength Xi for each day and an estimate .y,-, based on 4 degrees of 
freedom, of the variability in the strengths within days. The ques- 
tions which are of interest in this and similar factory experiments 
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on control erf quality may be somewhat different from those in agri- 
cultural field experiments. The question whether the standard 
errors Si vary from day to day, which in agricultural field experiments 
is not of practical importance, except in so far as it affects the effici- 
ency of the experiments, and indeed is usually taken for granted, 
is one of the prime factors to be tested in a manufacturing experiment. 
On the other hand, the estimation of the mean of the Xi and the 
question whether the Xi have varied from day to day or from centre 
to centre is usually of common interest in both problem.s, and the 
discussion given above of the tests of significance may be of use in 
factory as well as in field experiments. 


Summary, 


This paper considers the statistical analysis appropriate to 
experiments which yield, at each of a number of centres or times, 
an estimate r, of a treatment effect and an estimate of its standard 
error, based on n degrees of freedom. Tliis type of data may arise 
in many mociern types of research, as, for instance, series of agri- 
cultural field experiments, or factory experiments on the control 
of quality. The problems considered are the estimation and test 
of significance of the mean treatment effect and of its variation 
from centre to centre, these being the most important preliminary 
questions in agricultural experiments of this tyj>e. 

If the estimates may he considered ecjually accurate, i.e. if the 
(plant ities s, are all estimates of the same a, the analysis of variance 
gives a convenient and familiar method of treatment. Where this 
is not so, the question is more difficult. 

In the absence of any variation in tn*at merit effect from centre 


to centre, the weighted mean 




is suggested as a suitable 


(Estimate of the average treatment effect if at least 15 degrees of 
frtMMioin are availabh* in the estimates .s',. With fewer than 15 
degrees of freedom, the weighted mean is not very efficient, 
and the maximum likelihood e.stinuite, the solution of 


I {X - p)2 

is pref(‘rable, since its increased precision, which is equivalent to 
having three extra degrees of freedom for the estimation of the 
weights, is well worth the extra labour it involves. With fewer 
than 6 degrees of freedom in s,, estimation of the weights involves 
a considerable loss of information. A (‘oniparisoii is made in this 
(Wise of the relative efficiencies of the maximum likelihood solution, 
Ihe unweighted mean, and the wt'ighted im‘an with an arbitrarily 



118 


Analysis of a Series of Simlair Ewperisnenis* [No» li 

chosen upper limit to the possible weights, in a set of hypothetical 
examples designed to cover the variation in experimental errors 
likely to occur in practice. The weighted mean with fixed upper 
limit is very satisfactoi^ from the point of view of precision, but the 
difficulty of assigning a standard error to it is a serious disadvantage. 
Tests of significance of the ordinary weighted mean, the maximum 
likelihood solution and the unweighted mean are given. 

Where the variation in treatment effect is not assumed non- 
existent, the unweighted mean should be used. The question 
of testing its significance by comparison with the variation in response 
from centre to centre is discussed. 

The weighted sum of squares of deviations (? == S ^ (a: — is 

recommended to test the significance of the variation in treatment 
effect from centre to centre. An investigation of the frequency 
distribution of Q is made and a transformation given by which it 
may be referred to the published table of y}. 

Further work is needed to determine more precise tests .for the 
case of a few centres only. 

I have to thank Mr, F. \'ate8 for some useful suggestions. 
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A Catalogue of Uniformity Trial Data. 

By W. G. Cochran, Bothamaited Experimental Station. 

Some Uses of Uniformity Trial Data, 

In a field uniformity trial, the area under experiment is divided into 
a number of plots, usually all of the same dimensions ; the same 
variety of the crop is grown and the same manurial and cultural 
operations are carried out on each plot. The yield of each plot is 
recorded separately at harvest. In sonu^ cases other observations 
are made as well as yield, e.g, stand of plants. In the case of tree 
crops the plot may consist of a single tree or a group of trees. 

The usefulness of a uniformity trial lies in the fact that neighbour- 
ing units may be amalgamated to form larger plots of various sizes 
and shapes. The variation in yi(‘ld over the field due to soil hetero- 
geneity, slight differences in the distaribution of manures, errors in 
weighing, etc. (generally summed up in the term “ experimental 
error *’), may be calculated for eacli ty]>e of plot formed. The most 
obvious use of the data is to provide information on the optimum 
size and shape of plot, and this is the manner in which the majority 
of the trials given below have been used. In such studies, once the 
optimum size and shaj)e have been determined, the standard error 
j>er plot and the number of replications required to reach a given 
degree of accuracy in the cornjiarison of the mean treatment yields 
are also of interest. This type of information is not, of course, 
peculiar to uniformity trial data, but is suj)])li(*d by every properly 
designed replicated experiment for the particular type of plot used. 

A comprehensive study of the uniformity trial data on size and 
shape of plot has been made by Fairfield Smith, ^ who derives from 
them an empirical relation of wide applicability between variance 
per plot and size of plot. 

Uniformity trials can also be used to compare the relative 
efiiciencies of different types of experimental design, and, in particular, 
to test whether any newdy proposed design seems suitable for a 
certain crop. For example, Yates ^ tested the efficiency of a new 
method of arranging variety trials on Parker and Batchelor’s uni- 
formity data with oranges (catalogue 64). Unfortunately only a 
small proportion of the trials given below are suitable for comparisons 
of this kind. For if a trial is intended to provide information on the 
BUFF, VOL. IV. NO, 2. K 
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optimum size and shape of plot, as most of the trials are, the smallest 
unit harvested requires to be somewhat smaller than the size of plot 
likely to be used in practice, so that various shapes of plot may be 
obtained by amalgamation. In consequence, many trials contain 
only a few plots of the size which is finally recommended. 

The further question whether differences in soil heterogeneity 
from plot to plot in a field persist year after year is obviously of 
practical importance. Several trials have been continued on the 
same site for a number of years, some with the same crop, e,g. the 
trials on Ragi discussed by Lehmann (catalogue 77) and some with 
varying crops, e.g, the Huntley uniform cropping experiment 
(catalogue 1). As a rule, the yields of the same plot in successive 
years have been found to be ])ositively correlatt'd, whether the same 
crop followed or a difftTcnt crop, but the closeness of the correlation 
has varied considerably. 

The next step was to consider whether these correlations might 
be used to improve the accuracy of field ex})eriments. With a high 
correlation it might clearly be w^orth while to run a uniformity trial 
as a preliminary to a field trial. The question of how to adjust the 
yields of the final experiment for dilferences shown in the uniformity 
trial at first caused some difficulty. The introduction of the statistical 
method known as the analysis of covariance, however, provided a 
means of correction free from any element of arbitrariness, and gav(^ 
a stimulus to studies on the value of a uniformity trial as a pre- 
liminary to field ex])erimentation. The results of these investigations 
are now well known. With annual agricultural crops, uniformity 
trials have not in general doubled the jnecision of subsequent field 
trials, whereas they entail approximately double the labour of a field 
trial with no juevious uniformity trial, and a year’s delay in the 
experimental results. With perennial plants, such as rubber, for 
example, wliere each plot consists of the same trees or bushes year 
after year, the gain in precision is decidedly higher, and jireliminary 
records may often be obtained without much extra labour, or may 
indeed be part of a standard observ^ational programme. The case 
for a jireliminary uniformity trial is then considerably stronger. In 
animal nutrition work, also, the experimental unit is the same in the 
uniformity trial and the actual experiment, and the covariance 
method has proved strikingly succe.ssful in some such cases (cf. 
Bartlett).^ 

Uniformity trial data have also occasionally been used as a check 
on the applicability to field experunents of the analysis of variance 
and the tests of significance based on it. The mathematical theory 
from which the z table is derived requires the assumptions that the 
experimental yields are normally distributed and that their deviations 
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from the means about which they vary are uncorrelated. These 
assumptions are known to be untrue for field trials. A preliminary 
requirement for the application of the analysis of variance to be 
possible is that the experimental design used should be chosen at 
random from a set of designs such that, in the absence of any treat- 
ment effect, the average treatment mean square over the set should 
equal the average error mean square. The repeated use of the same 
design, however excellent in itself, is condemned on these grounds, 
and Tedin ^ has estimated the bias in the Knut Vik square from a 
set of uniformity trial data. The further question arises : how good 
an approximation to the tabulated z distribution is generated by the 
process of randomization used f There again the question may be 
tested from uniformity trial data. One such example has been 
worked out by Eden and Yates,® and further examples would be of 
considerabki interest. 

The large number of uniformity trials which have been carried 
out and the applications mentioned above testify that uniformity 
trial data play an important part in modern researcli on field technique. 
A catalogue of the uniformity trial data at present available there- 
fore appears likely to be of value, in order to facilitate further research 
in field technique, and also to bring to light unpublished njaterial 
which might otherwise be lost. With this end in view, we have at 
Rothamsted during the last few years been constructing a card index 
of such trials, and we have also encouraged workers with whom we 
have come into contact and who have conducted uniformity trials, 
but who have for various reason.s been unable to examine the results, 
or who have examined them but have not publisht^d their conclusions, 
to file a copy of their material at Rothamsted. The following 
workers have furnished us with material of this nature : 


\N orkor. 

1 

j ( 'roi». 

1 

i Xo. ami Hiae of eto. 

[ 

I Total 
j areji. 

( 'atalo^ue 
Xo. 

G. H. Goulden... 

j Harley 
j Gacad 

2H04 plots ;V X 3' 

1 1 .‘icre 

8 

F. J. Pound 

Several thousand trees since 
1014 

1 14 

8. M. Gilliert ... 

GoflTee 

12,000 trw yields of ch(?rry 

1 — 

18 

H. i\ Oucker ... 


490 plots 1 row X 21' ] 

J acre 

1 26 

0. V. S. Heath... 

( ’otton 

3690 individual plants 

1 28 

1). MacDonald ... 

Got ton 

1152 plots X 30' or 40' 

3J acres 

! 30 

A. H. McKiiistry 

( ’ottr>n 

48(i plots 1 row X 25' 

1 acre 

! 31 

A. H. Saunders 

Maize 

250 plots 1 row X 10 jdants 

— 

i 40 

Huntley (Mon.) 

Oats 

46 plots 23r V 317' 

8 acres 

55 

J. Grantham * ... 

Rubber 

KXK) trees for 10 years 

— 

85 

H. Evans 

Sutfar 

Gane 

710 plots 5' X 50' 

1 6 acres 

106 

H. F. Smith 

j Wheat 

1 1 

1 1080 plots 6" X V 1 

[ Jn a<TO 

130 


* Grantham's data on rubber have already been utilized by Murray in 
the pajKjr referred to in the catalogue. 
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In most cases in which uniformity trials have been used as the 
basis of published work, but in which the original data have not been 
published, we have written to the authors concerned suggesting that 
they might like to file copies of these data at Bothamsted, so as 
to make it accessible to other workers. This suggestion has been 
met for nineteen trials. 

Finally, in seven cases the data, although not published, are 
known to have been filed elsewhere. 

The entries in the catalogue can therefore be classified as follows : 


Material. 

No of entries m 
catalogue. 

No. of trials. 

Average no. of plots 
per trial. 


Field 

crops. 

Trees. 

Field 

crops. 

Trees. 

Field 

crops. 

Trees. 

Already published 

Not published 

Not published but copy 

73 

15 

135 

25 

221 

225 

14 

1 

22 

1 

554 

500 

( at Rothamsted 

21 

4 

28 

4 

539 

3,761 

\ elsewhere 

5 

1 

6 

1 

1,440* 

50 


♦ One entry contains 203 sugar-can© trials each of 36 plots. This entry has 
been omitted when fimling the average numbt'r of plots j)er trial. 


As is to be expected from considerations of space, the average 
number of plots per trial is considerably greater for trials the yields 
of which have not been published than for those which have. This 
makes the recovery of such data the more valuable. 

It must not be assumed that in the 14 entries given as ** not 
published ” the data are inaccessible. In some cases we have not 
been able to get into touch with the author, perhaps owing to change 
of address, and in others replies have not yet been received, but 
we hope in time to reduce this, and students are meanwhile advised 
to write to the author concerned about such trials. 

This catalogue will not have been in vain if it has rescued from 
oblivion the 32 uniformity trials now filed at Rothamsted. It will 
be more valuable if, as we hope, it encourages other workers at present 
unknown to us, who have carried out uniformity trials, to furnish 
particulars of these, and if possible to make available copies of the 
original data. We should also be grateful for any information on 
omissions from this list. Although it is, we hope, fairly comprehensive 
as regards English (including Empire) and American Journals, we 
make no pretence to have searched the Continental literature at all 
thoroughly. This task we commend to some other worker. 

In conclusion, we must thank the workers who helped in the 
compilation by sending data or information. 
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Heferences, 

^ H. Fairfield Smith (in the press), J. Agric, ScL, 1937. 

* F. Yates, ibid,, 1936, Vol. 26, pp. 424^55. 

» M. 8. Bartlett, ibid., 1936, Vof 25, pp. 238-44. 

* O. Tedin, ibid,, 1931, Vol. 21, pp. 191-^208. 

» T. Eden and F. Vatea, ibid,, 1933, Vol. 23, pp. 6--17. 

The CcUalogue. 

The entries are arranged alphabetically under crops, and for 
each crop alphabetically under author’s names. The information 
given is as follows : the size and shape of the smallest unit harvested, 
its approximate area as a fraction of an acre, and the approximate 
total area (T.A.) occupied by the trial. In some cases complete 
information on these points was not available. 

The following symbols have been used to show where the data 
may be found : — 

Published in the paper Cl 

Not published N 

Not published, but filed : 

at Rothainsted ... ... ... ... R 

Elsewhere E 

Notes have occasionally been added to the entries in cases where 
several measurements were made on the crop. 

Alfalfa. 1. 46 plots, each 23 J' x 317' J a. T.A. 8 a. G. 

(1) 1912 14. Harris, J. A., and Scofield, 

C. S. Permanence of differeiu'es in the plats of 
an experimental field. J. Agrir. lies,, 20, 

335 56. 

(2) 1922-23-24. 

Further studies on the permanence of differ- 
ences in the plats of an experimental field. 

J. Agric. Res., 36, 15-40. 

2. 36 plots, each a. T.A. 2 a. R. 

3 years 1930-31 32. 

Metzger, W, H. The relation of varying 
rainfall to soil heterogeneity as measured by 
croj) production. J. A f tier. Soc, Agroh., 27, 

274 78. 

3. 175 plots, each 13-2' X 13-2' a. G. 

T.A. I a. 

Summerby, R. The value of preliminary 
uniformity trials in increasing the precision 
of field experiments. Macdonald Coll, Tech, 
Bull, 15. 
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Apples. 4 . 512 individuol tree yields. Q. 

Batchelor, L. D., and Beed, H. S. Relaticm 
of the variability of yields of fruit trees to the 
accuracy of field trials. J. Agric, Res, , 12, 245- 
83. 

5 . 50 individual tree yields. E. 

Collison, R. C., and Harlan, J. P. Vari- 
ability and size relations in apple trees. New 
York (Geneva), Agr, Exp, Sta. Tech, Bull, 164, 
1-38. 

Yields filed at the New York State Agri- 
cultural Experiment Station, Geneva, N.Y. 

6 . 187 individual tree yields, G. 

Strickland, A. 6 . Error in horticultural 
experiments. J, Dept, Agrtc, Victoria, 1935, 

32, 408-16. 

Time in weeks for a stored apple to reach 5 
per cent, waste and 5 per cent, breakdown. 

Barley. 7. 390 plots, each 4' X 4' = T,A, J a. G. 

Bose, R. 1). Some soil heterogeneity trials 
at Piisa and the size and shape of experimental 
plots. Ind, J. Agric, Sci,, 5, 545. 

8 . 2304 plots, each 3x3^ = 0 - a. T.A. ^ a, R. 

Goulden, C. H. Unpublished data. 

9. ( 1 ) 30 plots, each a. T.A. J a. G. 

( 2 ) 128 plots, each a. T.A. 1 a. 

Hanson, N. A. Provedyrkning paa Forsogs- 
stationen ved Aarslev. Tide, for Landhrugets 
Planteavl., 21 , 553. 

10 . 46 plots, each 23^' x 317' = i a. T.A. 8 a. G. 

( 1 ) 1912-14, Harris, J. A., and Scofield, C. S. 
Permanence of differences in the plats of an 
experimental field. J. Agric, Res,, 20 , 335-56. 

(2) 1922-23-24. 

Further studies on the permanence of differ- 
ences in the plats of an experimental field. J, 
Agrk, Re^., 86, 15-40. 

11. 234 plots, each 24 J' X 34 J' — T.A. 

^ a. G. 

Kristcnseu, R. K. Anlaeg og Opgrelsa of 
Marksforsq, Tide, for Landbtugets Planteavl,, 

81. 
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Cacao. 


Clover. 


Coconuts. 


Coffee. 

Com. 


12. 96 plots, each 3*3' x 3-3' = a. T.A. a. G. 

N contents given, but not yields. 

Barbacki, St. Mimoires de VInstitut National 
Polonais d'Econowdce Rural, d Putawy, T. XIV, 

No. 213. 

13. 500 trees : yields in pods. N. 

Cheesman, E. E., and Pound, F. J. Uni- 
formity trials on Cacao. Trop, Agric,, 9, 
277-88. 

14. Pound, F. J. Unpublished data of several 
thouwind trees since 1914. 

15. 35 plots, each 13*2' x 66' = a. T.A. J a. 

Each year 1928-32 on different parts of the 
same field. 

Summerby, R. The value of preliminary 
uniformity trials in increasing the jjrecision 
of field experiments. 

16. 60 plots, each of 6 trees. T.A. 12 a. G. 

Joachim, A. W. R. A uniformity trial with 
coconuts. Tropiml Agriculturist, 86 , 4, 198- 
207. 

Yields of nuts over 8 months. 

17. 44 plots, each of 25 palms. 

Yields each year from 1919 to 1928. 

Beckett, W, H. R. 

Randomization in Field Experiment and its 
application on experiment .stations. Bull. No, 

20, Dept, of Agric., Gold Coast, number of nuts 
given. 

18. 12,CK)0 individual tree yields of cherry for each R. 
of 3 years. Gilbert, »S. M. Ihipublished data. 

19. 3 trials, 2304 plots, each 1 hill x 1 row (1) 1923, 

(2) 1925, (3) 1925. T.A. | a. E. 

Biy^an, A. A. Factors affecting experi- 
mental error in field plot tests with corn. 
Iowa Agric, Expt. Sta. Report, 1930-31, 67. 
Individual yields filed with Iowa Agric. Exp. 
Sta. 

20. 450 plots, each 21' X 68' (3J' discard all 

round) a, T.A. 9 a. G. 

Garber, R. J., Mcllvaine, J. V., and Hoover, 

M. M. A method of laying out experimental 
plats. J, Atner, Soc, Agron,, 28, 286- 98. 
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21^ 46 plots» each 23^' X 317' = a. T.A. 8 a. G. 
1915-16. 

Harris, J. A., and Scofield, C. 8. 
Permanence of differences in the plats of an 
experimental field. J. Agric. Res,, 20, 335-56. 

22. 36 plots, each a, T.A. IJ a. R. 

Metzger, W. H. The relation of varying rain- 
fall to soil heterogeneity as measured by crop 
production. J. Amer, Soc, Agron,, 27, 274-78. 

23. 438 plots, each 1 row X 66' == a. T.A. 

2i a. Q. 

McClelland, C. K. Some determinations of 
plot variability. J. Amer, Soc, Agron,, 18, 
819-23. 

24. 120 plots, each T.A. 12 a. G. 

Smith, L. H. Plot arrangement for variety 
experiments with corn. Proc, Ajner, Soc, 
Agron., 1, 84-89. 

Cotton. 25. 5 trials, each of about 160 plots, each 20 

ridges X 7 metres ~ 4^5 a. T.A. 4 a. G, 

Bailey, M. A., and Trought, T. An account 
of experiments carried out to determine the 
experimental error of field trials with cotton 
in Egypt, Agric, Egypt Tech, and Sc, 

Service Bull. 63. 


26. 490 plots. 

each 

1 row 

X 21' 

700 T 

'.A. 


fa. 






R. 

Ducker, 

H. 0. 

Unpublished data. 



27. (1) 200 plots, 

each 

1' X 

24' t HO 0 

a. 


T.A. 1 a. 






N. 

(2) 200 

plots, 

, each 

H' 

X 16 r - 

a. 


T.A. 1 a. 







Fu Siao. 

Uniformity 

trials 

with cotton. 

J. 



Amer. Soc. Agron,, 27, 12. 

28. 3696 individual plants. R. 

Heath, 0. V. 8. Unpublished data. 

Height, node number and dry matter of 
individual cotton plants. 

29. 1280 plots, each 4 rows x 4*8' — a. 

T.A. I a. R. 

Hutchinson, J. B., and Panse, V. G. 
Studies in the technique of field experiments. 

I. hidian J, Agric, Sci,, 6, 523”^. 
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Fodder 

Corn. 


Grapes. 


Ho])s. 


lirmoiis. 


Lentils. 


Maize. 


30. (1) 676 plots, each 3‘6' x 40' == a. T.A. 

2 a. 

(2) 676 plots, each 3*5' X 30' = 4 nTr 
T.A. 11 a. R. 

MacDonald, D. Unpublished data. 

31. 480 plots, each 1 row x 25' ~ T.A. 1 a. R. 

McKinstry, A. H. Unpublished data. 

32. (1) 300 plots, each 3' x 48' = a. T.A. 1 a. R. 

(2) 700 plots, each 3J' x 47' = a. T.A. 

2^ a. 

Reynolds, E. B., Killough, D. T., and Van- 
tine, J. T. 

Size, shape and replication of plats for field 
experiments with cotton. J. Arner. Soc, 
Agron,, 26, 725-34. 

33. 63 plots, each 15' x 112J' = a. T.A. 2| a. 6. 

Morgan, J. 0. Some experiments to deter- 
mine the uniformity of certain plats for field 
tests. Proc, Amer. Soc. Agrotu^ 1, 58-67. 

34. 2(K) vines, 8' apart in rows 10' apart. 0. 

Strickland, A. G., Forster, H. C., and Vasey, 

A. J. A vine uniformity trial. J. Agric, of 
Victoria, 80 , 584. 

35. 30 plots, each 1 row’ X 210'. Yields each year. 

hmu. ' G. 

Stockberger, W. W. Relative precision of 
formulas for calculating normal plot yields. 

J, Amer. Soc. Agron., 8, 167-75. 

36. 364 individual tree yields. G. 

Batchelor, L. 1)., and Reed, H. S. Relation 
of the variability of yields of fruit trees to the 
accuracy of field trials. J. Agric. 12, 

245 83.^ 

37. 31H) plots, each 4' x 4' — a* T.A. J a. G. 

Bose, R. D. Some soil heterogeneity trials 
at Pusa and the size and shape of experimental 
plots. Ind. J. Agric. Sci., 6, 545. 

38. 83 plota, each 33' X 33' ^ - /o «• T.A. 2J a. G. 

Beckett, W. H., and Fletcher, S. R. B. A 
uniformity trial with maize. Gold Coast Dept. 
Agric. Bull. 16 , 222-26. 

Germination and ear number coinits given. 

Yields measured for 15 plots only. 
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39* 300 plots, each 1 row X 60'. B. 

Saunders, A. R. Statistical methods with 
special reference to field experiments. Union 
of South Africa, Dept, of Agric. and Forestry, . 
Science BvU, 147. 

40. 250 plots, each 1 row X 10 plants. R. 

Saunders, A. R. Unpublished data. 

41. (1) 175 plots each 13*2' x 13-2' = a. 

T.A. I a. G. 

Yields each year from 1922-26. 

(2) 35 plots, each 13-2' X 66' = a. 
T.A. I a. 

Yields each year from different ranges 1927, 
1928, 1929, 1930, 1931, 1932. 

Summerby R. The value of preliminary 
uniformity trials in increasing the precision of 
field experiments. 

Mangolds. 42. 30 plots, each a. T.A. J a. 6. 

Hanson, N. A. Pr 0 vedyrkning j)aa Forsogs- 
stationen ved Aarslev. Tids, for Landbntgets 
Plartlead., 21, 553. 

43. 200 plots, each 3 rows x 30J' ~ .. a. T.A. 
la. ‘ G. 

Mercer, W. B., and Hall, A. I). The experi- 
mental error of field trials. J, Agric, Sci,, 4 , 
107-132. 

41. (1) 175 plots, each 13-2' x 13-2' -- a. 
T.A. I a. " G. 

(2) 150 plots, each 13*2' x 13*2' a. 

T.A. I a. 

Summerby, R. The value of preliminary 
uniformity trials in increasing the precision of 
field experiments. 

45. 1050 plots, each a. T.A. 1 a. N. 

Wood, T. B., and Stratton, F. J. M. The 
interpretation of experimental results. J, 
Agric. Sci,, 3, 417-40. 

Millet. 46. 105 plots, each a. T.A. I a. G. 

Lehmann, A. Report of Agricultural 
Chemist, Dept, of Agric, Mysore State, 
19(X)-7. Roeraer, Th. Her Feldversuch. 
Arbeiten der Deulschen Lmdw, GeselUckaft,, 
302. 
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Mushrooms. 


Oats. 


47. 600 plots, each 1' X 16' — ^xjVir T.A. J a. O. 

Li, H. W., Meug, C. J., and Liu, T. N. 
Field results in a millet-breeding experiment. 

48. (1) bOplotseach 2' X 5' ^ T.A. j^^a. G. 

(2) 50 plots each 4' X a T.A. 

A *’• 

(3) 40 plots each 4' X T.A. 

sV 

Lambert, E. B. Size and arrangement of 
plots for yield tests with cultivated mush- 
rooms. J. Ag^ric, Res.y 48 , 1971-80. 

49. (1) 66 plots, each ^ a. T.A. 17 a. R. 

(2) 68 plots, each J a. T.A. 17 a. 

Farrell, F. D. Interpreting the variability 
of plat yields. U.S. Dept, of Agric. Bureau of 
Plant Industry Circular No. 109, 27-32. 

50. 295 plots, each 21' X 68' = a. T.A. 6 a. G. 

Garber, R. J., Mcllvaine, T. C., and Hoover, 

M. M. A study in soil heterogeneity in experi- 
ment plots. J. Agric. Res., 83, 255-68. 

51. 450 plots, eac’h 21' x 68' (3J feet discard all 

round) = a. T.A. 9 a. G. 

Garber, R. J., Mcllvaine, T. C., and Hoover, 

M. M. A method of laying out experimental 
j)lotH. J. Afiier. Soc. Agron., 28 , 286 98. 

52. (1) 200 plots (3 yields missing) each — » 577 a. G. 

(2) 300 plots (3 yields missing) each = 4 a. 

Gorski, M., and Stefaniow, M, Die Anwend- 
barkeit der Wahrscheinlichkeitsrechuung bei 
Feldversucheu. Landw. Versuchsstafionen^ 90 , 
225-40. 

53. (1) 30 plots, each ^ J,, a. T.A. J a. G. 

(2) 128 plots, each a. T.A. 1 a. 

Hanson, N. A. Provedyrkniiig paa Forsogs- 
stationeu ved Aarslev. Tids. for Laudbrugets 
Phntemi.y 21, 553. 

54. 46 i)lot8, each 23i' X 317' =- I a. T.A. 8 a. G. 

1917. Harris, J. A., and Scofield, C, S. 
Permanence of differences in the plats of an 
experimental field. J. Agric. Rcs.^ 20, 335-56. 

66. 46 plots, each 23^' x 317' ^ J a. T.A. 8 a. R. 

Same trial as No. 54. 1911, total produce 
only. 
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56. 207 plots, each ,)V T.A. 7 a.. 0, 

Kiesselbach, T. A. Studies concerning the 
elimination of experimental error in com- 
parative crop tests. Res, Bull, Nebraska Affric, 
Sfat„ 18, 1-95. 

57. 36 plots, each T,A, IJ a. R, 

Metzer, W. H. The relation of varying 
rainfall to soil heterogeneity as measured by 
crop. J. A7ner. Soc, Agron,^ 27, 274. 

58. 24 plots, each 33' X 132' = a. T.A. 2^ a. G. 

McClelland, C.K. Some determinations of plot 
variability. J, Amer. Sac. Agron., 18, 819-23. 

59. 240 plots, each T,A, J a. 6. 

Roemer, Th. Der Feldversuch. Arbeiteii 
der deuischen Landw, Gesellschafty 302. 

60. 48 plots, each a. T.A. 5 a. G. 

Roth. Exp. Sta. Reporty 1927--28, p. 153. 

61. 512 plots, each 1' X 15' — ^.A. J a. G. 

Siimmerby, R. A study of size of plats, 
numbers of replications, and the frecjuency and 
methods of using cheek plats in relation to 
aocuraev in field experiments. J. Amer. ^Soc. 
Agnm.y^ly 140 50. 

62. (1) 175 plots, each 13-2' X 13-2' a* T.A. 

fa. ‘ G. 

Yields ea<*h year 1922-26 and 1924-25' 26. 

(2) 35 plots, each 13*2' X 66' -- T.A. 

f a. Each year on different ranges from 1927 
to 1932. 

Sumrnerby, R. The value of preliminary 
uniformity trials in increasing the precision of 
field experiments. 

63. 124 plots, each 33' x 132' =- a. T.A. 

12i a. G. 

Wyatt, F. A. Variation in plot yields due to 
soil heterogeneity. tSci. Agr.y 7, 248 56. 

Oranges. 64. (1) 1000 individual tree yields. G. 

(2) 495 individual tree yields. 

(3) 240 individual tree yields. 

Batchelor, L. D., and Reed, H. S. Relation 

of the variability of yields of fruit trees to the 
accuracy of field trials. J. Agric. Res., 12, 
245-83. 
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66. 193 plots, each of 8 trees, yields given each year 
from 1921 to 1927. G. 

Parker, E. D., and Batchelor, L. D. Varia- 
tion in the yields of fruit trees in relation to the 
, planning of future experiments. Hilgardia 7, 

No. 2, 1932. 

66. (1) 104 plots, each 6*6' X 122'=: a. T.A. 

2 a. N. 

(2) 72 plots, each 6*6' x 174' = .jV a. T.A. 

2 a. 

Lord, L. Irrigated paddy : a contribution 
to the study of field plot technique. Agrw, J, 
India, 19, 20- 27. 

67. 760 plots, each 6-6' x 3*3' = a. T.A. J a. G. 
Davies, J. G. The experimental error of the 

yield from small plots of natural pasture. 
Council Set. and Indust, Res. (Aust.) Bull. 48. 

68. 144 individual tree yields. G. 

Strickland, A. G. Error in horticultural 

experiments. J. Dept, Agric. Victoria, 83, 

408 16. 

Pineapples. 69. (1) 24 plots, each 4 rows x 75'. G. 

(2) 24 plots, each 4 rows x 75'. 

(3) 25 ])lot8, each 4 rows x 6f)'. 

Magistad, O. (^, and Farden, (’. A. Experi- 
mental error in field experiments with pine- 
apples. J. Atner. Soc. Agron., 26, 631-44. 
Potatoes. 70, 750 single-row plots. E. 

Jakowski, Z. Unpublished data, see Ney- 
nian, J. Statistical ])roblem8 in agricultural 
experimentation. J. Roy. Stat. Soc. Suppl., 2, 

2, 107-54. 

Yields filed with J. Nevman. 

71. 618plots,each2*2'x33';V = ft,% a. T.A. 1 a. E. 

J ustesen, S. H. Influence of size and shape of 
[dots on the precision of field experiments 
with potatoes. J, Agric. Sci., 22, 366-72. 

Data filed with the N.I.A.B., Cambridge, 
ISngland. 

72. 576 plots, each 3' x 22' = - a. T.A. 1 a. G. 

Kalamkar, R. J. Experimental error and 
the field plot technique with potatoes. J, 
Agric. . Sci., 22, 373-85. 


Paddy. 


Pasture. 


Peaches, 
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75. 204 plots, each 2|' X 72J' » a* T.A. 1 a. Q, 
* Lyon, T. L. Some experiments to estimate 
errors in field plat tests. Proc. Amer. Soc, 
Affron,, 3, 89-114. 

74. 720 plants, every fifth hill missing. Q. 

Stewart, F. Missing hills in potato fields : 
their effect upon the yield. New York Affric, 
Exp. Sta. Bull. 459, 46-69. 

75. 4 sets, each 3 x 15^ = tsV s 

(1) 1000 plats. (2) 1560 plats. (3) 2000 
plate. (4) 1000 plats. 

Thompson, R. C. Siae, shape, etc., in sweet 
potatoes field-plot experiments. J. Agric. 
Rea., 48, 379-99, 

76. 51 plots, each a. T.A. 2^ a. N. 

Westover, K. C. The influence of plat size 
and replication on experimental errors in field 
trials with potatoes. West. Virgmia. Agr, 
Expt. Sta. Bull. 189. 

Ragi. 77. 34 plots, each a. T.A. J a. 6. 

Yields for 4 years 1905-8. 

Lehmann, A. Report of Agric. Chemist. 
Dept, of Agric. Mysore State, 1900- 7. See also 
Roemer, Der Feldversuch. Ist Ed. 

Rice. 78. (1) 144 plots each 5' X 5' = a. T.A, 

a* N. 

(2) 144 plots each 5' x 5' = a. T.A. 
a. 

Plots arranged in a 12 X 12 Latin square. 

Bose, 8. 8., Ganguli, P. M., and Mahalanobis, 

P. C. The frequency distribution of plot 
yields and the optimum size of plots in a uni- 
fonnity trial with rice in Assam. Indian J. 
Agric. Sci., 1936, 6 part 5, pp. 1107-22. 

79. 3 series of 100 plots, each 1 J' X 14*2' == .»ooo 

T.A./^a. ‘ N. 

Chien-Liang-Pan. Uniformity trials with 
rice. J. Amer. Soc. Agron., 27, 279. 

80. 54 plots each 33' x 33' = a. T.A. 

U a- G. 

Coombs, 6. E., and Grantham, J. Field 
experiments and the interpr^tion of their 
results. Agr. Bull:, Fed. Malay Stales, 4. 
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Rubber, 


Kyc. 


Seeds. 


Silage com. 


81. 300 plots, each 1*6' X 14*26' = a. T.A. 

ia. N. 

Li-Ying-Shen. Statistical analysis of a 
blank test of rice with suggestions for field 
technique. AgticuUwa Sinica, 1934, 1 No, 

4, pp. 107--50. 

82. 560 plots, each 10' X 10' a. T.A. IJ a. G. 

Lord, L. A uniformity trial with irrigated 
broadcast rice. J. Agric. Set,, 21, 178-86. 

83. Plots 3' X 3' = N. 

Mitra, S. H., and Ganguli, P. M. A uni- 
formity trial in rice. Proc, 21st Annual Indian 
Sci. Congress Bombay, 1934, 71. 

84. 280 plots, each 2 rows X 10 plants. N. 

Parnell , F. R. Experimental error in variety 
tests with rice. Agric, J, India, 14, 747-57. 

♦See also No. 66. 

85. 1000 trees yields for each of 10 years. R. 

Murray, R. K. S. The value of a uniformity 
trial in field experimentation with rubber. «/. 
Agrk, ScL, 24, 177 84. 

86. 161 trees each year from 1921-22 to 1924-25. G. 

Taylor, R. A. The inter-relationship of 
yield and the various vegetative characters in 
Hevea Brasilensia. Dept, of Agric, Ceylon Bull, 

77. 

87. (1) 30 plots, each a. T.A. J a. G. 

(2) 128 plots, each T.A. 1 a. 

Hanson, N. A. Provedyrkning paa For- 
sogsstationen ved Aarslev. Tids. for Land- 
brugets Planleatl,, 21, 553. 

88. 128 plots, each a. T.A. 1 a. G. 

Hanson, N. A. Provedyrkning paa Forsogs- 
stationeji ved Aarslev, Tids. for Landbi ugets 
Planteavl,, 21, 553. 

89. 46 plots, each 23J' \ 317' -= J a. T.A. 8 a. G. 

1918. Harris, J. A., and Schofield, V, S. 
Permanence of differences in the plats of an 
experimental field. J. Agric. Res,, 20, 335-56, 

1920, 1925. 

Further studies on the permanence of differ- 
ences in the plats of an ex{)erimental field. J. 
Agric, Res., My Ib-iO, 
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Borghuitn. 90. 160 plota, each a. for 1930-31-82. T.A. la. 0« 
Kulkarni, K. K., Bose, S, S., and Mahala** 
nobis, P. C. The influence of shape and size of 
plots on the effective precision of field experi- 
ments with sorghum. Indian J, Agric, Sci,^ 

6, 460-74. 

91. 2000 plots, each 1 row x 1 rod= a. T.A. 

a. G. 

Stephens, J. C., and Vinall, H. N. Experi- 
mental methods and the probable error in field 
experiments with sorghum. J, Agric. Res,, 

87, 629-46. 

92. 400 plots, each 3*3 X 33 = ■ 40 ?r T.A. la. N, 

Swanson, A. F. Variability of grain 
sorghum yields as influenced by size, shape and 
number of plats. J. Amer, Soc, Agron., 22, 
833-38. 

Sorgo. 93. 36 plots, each a. T.A. If a. R. 

2 years, 1932-33. 

Metzger, W. H. The relation of varying 
rainfall to soil heterogeneity as measured by 
crop production. J. Amer. Soc. Agroji,, 27, 
274-78. 

♦Soybeans. 94. 30 plots: artificially constructed in frames, 

each 4^ X 9-^ = ith^o T.A. a. G. 

Garber, R. J., and Pierre, W. H. Variation 
of yields obtained in small artificially con- 
structed field plats. J. Amer. Soc. Agron., 25, 
98-105. 

95. (1) 882 plots, each 1 row x 8' --- .. ,^^0 T.A. 
i a. G. 

(2) 1540 plots, each 1 row x 8' =-- a. 

T.A. i a. 

Odland, T. E., and Garber, R. J. Size of plot 
and number of replications in field experiments 
with soy beans. J, Aimr, Soc. Agron., 20, 
94-108. 

Strawberries. 96. (1) 120 plots, each 4' X 68' ~ ^ a. T.A. j a. N. 

(2) 80 plots, each 4' x 34' = a. T.A. J a. 

Wilcox, A. N» A study of field plot tech- 
nique with strawberries. ScterUifc Agriculture, 

8, 171-74. 



ISSt] CcUalogm of Vmfotmty Trial Data: 249 

Sugar-beet. 97. 46 plots, each 23J' x 317' = J a. T.A. 8 a. G. 

Harris, J. A., and Scofield, C. 8. Perman- 
ence ol differences in the plats of an experi- 
mental field. J. Agrw. Ren,, 20, 335-56. 

98. 600 plots, each 1 row x 33' = w a. T.A. 1 a. G. 

Immer, F. R. Size and shape of plots in 
relation to field experiments with sugar-beets. 

J. Agric. Res,, 44 , 649 -68. 

99. 600 plots, each 1 row x 33' a. T.A. 1 a. R. 

Immer, F. R., and Raleigh, S. M. Further 
studies of size and shape of plot in relation to 
field experiments with sugar-beet. J, Agric, 
Res,, 47 , 591-98. 

100. 416 plots, each 8' x 135' = A a. T.A. lOJ a. G. 

Roemer, Th. l)er Feldversuch. Arbeiten 
der deutschen Landw, Geselhchaft, 302 . 

101. 96 plots, each 1 row x 55*8'. G. 

Two sets, 1910 and 1918. 

Roemer, Th. Der Feldversuch. Arheiten 
der deutschen Landw, Gesellschaft, 302 . 

Sugar cane. 102. 49 plots, each a. T.A. 1 a. R. 

Barbados, 1927. 

103. 48 plots, each 30' x 75' - a. T.A. 2^ a. G. 

Borden, R. J. Replications of plot treat- 
ment.s in field experiments. Hawaiian Plan- 
ters' Record, 34 , 151 55. 

104. 203 trials each of 36 plots. E. 

Demandt, E. Die Resultaten der Blanco- 
Proeveu met 2878 PoJ van Oogstjaar 1931. 
Archief voor de Huikerindustrie in Neder- 
landsch-lndie Deel III. Med, tmi het Proef- 
station t>oor Java Saikerindnstrie Jahrgang, 
1932, 14. 

Yields filed at the Proefstation voor de Java. 

Suikerindustrie, Hoerabaia, Java. 

105. Yields of 1200 individual stools, G. 

Evans, H. Some preliminary data con- 
cerning the best shape and size of plot for field 
experiments with sugar cane. Dept, of Agric, 
Mauritius. Sugar Cane Research Station 
Bull, 3. 

100. 710 plots, each 5' X 50' = ^ a. T.A. 6 a. R. 

H. Evans. Unpublished data. 
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107, (1) 960pIot«,each3'x30J'=s=tyi,ya, T.A.lfa. B. 

(2) 1088 plots, each a' X 60' = a j^a. T.A, 

^ a. G* 

Wynne Sayer, Vaidyanathan and Subramaria 
Iyer. Ideal siise and shape of sugar-cane 
experimental plots based upon tonnage experi- 
ments with Co 205 and Co 213 conducted in 
Pusa. Indian J, Agric. Set,, 1936, 6. 

108. 968 plots, each 3' X 60' = a. T.A. 4 a. 6. 

Wynne Sayer and Krishna Iyer. On some 
of the factors that influence the error of field 
experiments with special reference to sugar 
cane. Indian J. Agric. Sci., 1936, 6 , 917. 

Swedes. 109. 48 plots, each a. T.A. 5 a. G. 

Roth. Exp. Sta. Report^ 1925-26. 

Roots, Toi> 8 and Plant number given. 

Tea, 110. 144 plots, each a. T.A. 2 a. G. 

Eden, T. Studies in the yield of tea. J. 
Agric. Sei., 21, 547-73. 

Yields and dry matter at 94° C. given. 

111. 24 plots. Q. 

Vaidyanathan, M. The method of co- 
variance applicable to the utilization of the 
previous crop records for judging the improved 
precision of experiments. Ind. J. Agric. Sci., 

4 , 327-42. 

Timothy 112. 240 plots, each 16J' x 16|' — a. T.X, 
hay. li a. Q. 

Holtsmark, G. U., and Larsen, B. R. t)ber 
die Fehler, welche bei Feldversuchen durch die 
Ungleichartigkeit des Bodens bediugt; werden. 
Imdw. der Yersuchoslaiianen^ 65, 1-22. See 
also Roemer, Th., der Feldversuch. 1st Ed. 

113. 35 plots, each 13-2' X 66' == A a. T.A. | a. Q. 

Each year 1929-32 on different parts of the 
same field. 

Summerby, R. The value of preliminary 
uniformity trials in increasing the precision of 
field experiments. 

Tomatoes. 114. 180 plots, each of 6 jdants. G. 

Strickland, A. G. Error in horticultural 
experiments. J. Dept. Agric. Victoria, 22, 
408-16. 
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Walnuts. 116. 320 individual seedling tree yields. G. 

Batchelor, L. D., and Beed, H. 8. Belation 
of the variability of yields of fruit trees to the 
accuracy of field trials. J. Agric, Res., 12, 
246-83. 

Wheat. 116. 390 plots, each 4' x ,4' = a. T.A. J a. G. 

Bose, E. D. Some soil heterogeneity trials 
at Pusa and the size and shape of experimental 
plots. Ind. J. Agric. ScL, 5, 545. 

117. (1) 288 plots, each 8" x 7f= a. T.A. 

A G. 

(2) 288 plots, each S'" X 8' = a. T.A. 

A a. B, 

Christidis, B. G. The importance of the 
shape of plots in field experimentation. J. 
Agric. Sci., 21, 14-37. 

118. 31(X) plots, each 8'' X 5'= ,3’^^ a. T.A.Ja. N. 

Day, J. W. The relation of size, shape and 
number of replications of plots to probable error 
in field experimentation. J. Amer. Soe. Aaron., 

12, 100 ~5, 

119. 160 plots, each 13*2' x 19*8' = a. T.A. 

1 a. G. 

Forster, H. C., and Vasey, A. J. Experi- 
mental error of field trials in Australia. Fic- 
toria J. Dept, Agric,, 27, 385-95. 

120. 450 plots, each 21' x 68' (3J' discard all 

round) ^ A ^ G. 

Garber, R. J., Mcllvaine, T. C., and Hoover, 

M. M, A method of laying out experimental 
plots, J. Amer, Soc, Agron,, 23, 286-98. 

121. 295 plots, eoith 2V x 68' (a border of 3|' all 

round rejected) — a. T.A. 5| a. G. 

Garber, R. J., Mcllvaine, T. C., and Hoover, 

M. M, A study in soil heterogeneity in experi- 
mental plots. J, Agric. Re^., 83, 255-68. 

Yields obtained by sampling 5 rod rows. 

122. 30 plots, artificially constructed in frames each 

4i' X 9f . . . 

Garber, R. J., and Pierre, W. H. Variation 
of yields obtained in small artificially con- 
structed field plots. J, Afner. Soc. Agron., 25, 
98-105. 
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123. 1280 plots, each Y ^ KntJinr T.A. 

1 a Q. 

Kalarnkar, R. J. A study in sampling tech- 
nique with wheat. J. Agric, Sci,f 22, 783-96. 

124. 500 plots, each 11 rows X 10*82' a. 

T.A. la., G. 

Mercer, W. B., and Hall, A. I>. The experi- 
mental error of field trials. J. Agrw, Sci.f 4, 
107-32. 

125. 36 plots, each a. T.A. If a. R. 

Metzger, W. H. The relation of varying 
rainfall to soil heterogeneity as measured by 
crop production. J. Amer. Soc, Agron., 27, 
274-78. 

126. 224 plots, each 5^' X = , 4^*4 a. T.A. 

ia. G. 

Montgomer}% E. G. Experiments on wheat 
breeding. U,S, Dept. Bulletin Bureau of plant 
Industry Bull. 269. 

127. 6t3 plots, each 15' X 112J' =^= a. T.A. 

2 ^ a. G. 

Morgan, J. O. Some experiments to deter- 
mine the uniformity of certain plots for field 
tests. Proc. Arner, Soc. Agron.y 1 , 58 67. 

128. (1) Winter wheat. 240 plots, each a. 

T.A, i a. ‘ G. 

(2) Summer wheat. 230 plots, each a. 
T.A. i a. 

Roemer, Th. Der Feldversuch. Arbeiten 
der deutschen Landw. Gesellsehaft , 302. 

129. 48 plots, each a. T.A. 5 a. G. 

Roth. Exp. Sta. Report, 1925 26. 

130. 1080 plots, each O'' x V -- a. T.A. 

H\,a. ‘ R. 

Smith, H. F. Unpublished data. 

131. 360 plots, each 9 rows x 1 chain a. 

T.A. 3 a. ' E. 

Waite Institute (Adelaide) Report, 1925 32. 

Yields filed at the Waite Institute. 

132. 15(X) plots, each 1 row x 15' - a. T.A. 

I a. G. 

Wiebe, G. A. Variation and correlation in 
grain among 1500 wheat nursery plota. J. 
Agrk. Res., 60, ,331-57. 
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133. 94 plots, each a. T.A. 1 a. N. 

Wiener, W. T. G., and Broadfoot, R. The 
amount of variability which may be expected 
to occur in a determination of comparative 
yields in small grains. Proc, Fifth Ann, 
Meetings Western Canadian Soc, Agr.y 17-24. 

134. 124 plots, each 33' X 132'== a. T.A.12Ja. G. 

Wyatt, F. A . Variation in plot yields due to 
soil heterogeneity. Sci, Agric,y 7, 248-56. 
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LAND DRAINAGE: THE AREA OF BENEFIT 
B, A. Keen, D.Sc., F.R.S., 

Assistant Director, Rothamsted Experimental Station. 

Prior to the Land Drainage Act of 1930, drainage legisla- 
tion was of a piecemeal character. There were numerous 
authorities, wift varied powers and duties, which had, 
however, one feature in common — ^no responsibility for the 
water directly it had passed die boundary of their limited 
area. 

Following die passing of the Land Drainage Act, 1918, 
an attempt was made to set up more comprehensive 
authorities, and, up to 1927, 55 new drainage districts, cover- 
ing an area of 9<»,555 acres, had been constituted. Of this 
total, one authority (die Great Ouse) accounted for 484,963 
acres. All these districts were based on the assumption that 
lands up to 8 ft. above the highest recorded flood level were 
capable of receiving benefit from drainage works, except in 
the case of lands liable to tidal inundation, where 5 ft. above 
tide level was adopted as the boundary. This assump- 
tion was argued by Counsel and technical witnesses 
before committees of both Houses of Parliament during the 
passage through Parliament of the Land Drainage (Ouse) 
Provisional Orfer Confirmation Act, 1920, under which the 
Ouse Drainage District of that year was constituted. 

The Report of the Royal Commission on Land Drainage, 
presided over by Lord Bledisloe in 1927, showed that under 
the conditions then existing, the interests of neighbouring 
authorities were in conflict, whereas they obviously ought to 
be in common. As a result the Land Drainage Act of 1930 
became law, and watercourses of all kinds from field to sea 
have been brought under jurisdiction. 

One veiy important provision of the Act is that Catchment 
Boards are required to bring within the jurisdiction of Internal 
Drainage Boards only those areas which, to quote tiie Act, 
" derive benefit or avoid danger ’’ as a result of drainage 
operations. Some working rule for defining such areas had 
to be adopted, and the pre-1930 practice of including all 
land up to ^ contour line drawn 8 ft. higher than the level 
of the highest recorded flood (except in tidal areas) was 
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continued. At a later date, however, the Ministry, in the 
light of experience, decided that certain adjustments in tiiis 
policy were desirable, with the result that, in built-up areas, 
the flood level itself was adopted as the limit of benefit. 

The adoption since 1918 of the 8 ft. line for agricultural 
land has increased the area on which rates can be levied, thus 
bringing within drainage districts lands that were totally or 
partially outside the areas of the older drainage authorities. 
The objection of the occupiers to inclusion is understandable, 
especially in instances where the existing drainage works are 
adequate and no fresh constructions are contemplated. Their 
response to the explanation that the land is henceforward to 
bear its fair share of benefits hitherto received free, is the very 
natural one of denying that it benefits in any way : in other 
words they suggest that a lower contour than 8 ft., or even 
flood level itself, should be taken. 

The Royal Commission, in considering the evidence which 
they had received on the subject of the area of benefit, 
contented themselves with the following statement: — 

"... the Ministry of Agriculture and Fisheries, in setting up Drainage 
Boards under the Land Drainage Act, 1918, had to consider what 
boundary line they could adopt, having regard to the principle of ‘ no 
benefit, no rate.' We are informed that the Ministry took the best 
agricultural and engineering advice which was available and decided 
to bring within the area of rating for drainage purposes all land up to 
8ft. above the highest known flood." 

The adoption by the Ministry, after 1918, of the 8 ft. above 
the highest known flood, was undoubtedly somewhat of a 
novelty because, prior to that date, the practice had been to 
confine drainage districts to flood level, or from 1875 onwards, 
as in the case of the Thames Valley, to go up to 5 ft. above 
flood level, although there are numerous instances here and 
there where land is now liable to be rated for drainage rates 
under some old enactments, which is far above any of these 
levels. 

The purpose of this article is to show that the 8 ft. line is 
a fair and reasonable limit to adopt for agricultural land. 
The argument must necessarily be couched in general terms; 
but it will show that, in average conditions, land up to the 8 ft. 
contour benefits from adequate drainage. It is not to be 
expected that the 8 ft. line is a rigid one clearly marking the 
upper limit of benefit; the complexity of soil types and distri- 
bution, and variations in topography, are such, that, for 
practical purposes, an average value must be assumed. The 
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Act of 1930 makes ample provision for meeting special cases, 
either by exclusion or by differential rating. 

The first step in the argument is to consider what happens 
to the rain. Part may run off, on or through the surface soil, 
to ponds or ditches : the remainder enters the soil. Of this, 
some will be retained by the soil and the rest will percolate 
downwards and find its way by natural drainage (or 
constructed drains) either to a stream, or to the underground- 
water-table, which may be close below the soil surface, or 
hundreds of feet below. In this country, with its adequate 
and well-distributed rainfall, the annual precipitation exceeds 
what the soil can hold. The surplus must be drained away 
from the region inhabited by plant roots, either by natural 
or artificial means, or both, if the soil is to be maintained in 
the best condition for agricultural or pastoral purposes. The 
records of the Rothamsted drain gauges show that, for bare 
loam soil under an average annual rainfall of about 30 in., 
approximately 50 per cent, of the rain percolates below the 
5 ft. depth. Obviously, the percolation through soil carry- 
ing a crop will be less, but there is still a surplus which must 
be drained away, which is estimated to be equivalent to about 
10 in. of rain. 

The water that plant roots utilize is that held by the soil. 
The particles in the upper layers of a properly-managed soil 
form loose aggregates or crumbs — described by the farmer 
as good tilth — which behave towards water much as a sponge. 
They have a high water-holding capacity and can be regarded 
as innumerable little water reservoirs for the use of plant 
roots. In the lower depths of soil, where the crumb structure 
is largely absent, the water is held mainly as little rings 
surrounding the points of contact of adjacent soil grains, and 
in the pore-spaces between the grains; these pore-spaces will 
in general be only partially full of water when drainage has 
ceased. 

The moisture content of the soil is depleted by evaporation 
into the air and by the requirements of vegetation. When 
rain falls on the surface, each successive layer of soil 
aggregates refills its interstices from the new supply: the 
surplus passes on downwards and continually suffers diminu- 
tion as each successive layer levies toll on it. If the rainfall 
is slight, the whole of it may be absorbed by the soil — a not 
uncommon occurrence in summer — ^but the usual condition, 
over the greater part of the year, is for more rain to be 
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available than can be held in the upper and lower depths of 
soil. The surplus constitutes the drainage or percolation 
water, and there are two reasons that make it desirable for the 
percolation to be evacuated as rapidly as possible. 

First, the aeration of the soil is effected through the pore- 
spaces: through them, the carbon-dioxide gas produced by 
the growth activities of roots and micro-oi^anisms escape 
into the atmosphere and is replaced by oxygen. If the pore- 
spaces are choked with surplus water, the gaseous inter- 
diffusion of oxygen and carbon-dioxide is diminished and 
plant growth may be adversely affected; crops in ttiis 
“ drowned ” condition are suffocating for want of air. 

Secondly, in conditions of impeded drainage, the crumbs 
disintegrate, the soil falls into bad tilth and becomes more 
impervious to the passage of both air and water. Soil in this 
state is difficult to cultivate and does not provide the best 
conditions for plant growth. 

Although there is an important change in perspective, tiiere 
is nothing new in the above conception of ffie soil as a 
kind of porous framework, retaining within its interstices 
(especially those permeating the crumbs) a certain propor- 
tion of the rain and permitting the surplufe to escape down- 
wards as percolation. But there is still some misconception 
about the way in which the plant roots obtain their moisture. 
Absorption of water by the root reduces the soil moisture 
content in the immediate neighbourhood, and water tends to 
move into the depleted zone from the surrounding regions of 
higher moisture content. Although no expierimental proof 
was ever given it was assumed that such movement extended 
over considerable distances. It is now known that not only 
is the distance very limited but also that the rate of movement 
is very slow. The truer picture is that the soil moisture 
remains relatively stationary, while the plant's ramifying root 
system traverses the soil so thoroughly that no part of the 
water is far removed from an absorbing region. 

Recent studies show that the root systems of common agri- 
cultural plants extend deeprer than is usually supptosed. The 
depth varies with the variety of plant, the typre of soil and the 
meteorological conditions, but the following figures are 
typical : wheat, oats, and sugar-beet, 5-6 ft. ; barley, ft. ; 

potatoes, 3 ft. Hence, when the water-table is sufficiency 
below the surface for a 5-foot depth of freely-draining lo 
be available for the roots to traverse, this depth of soil can be 
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pictured as containing innumerable small reservoirs of water, 
each being within a short distance of an absorbing root-hair. 
A 5-foot depth of soil holds water equivalent to 7| in. of rain 
at least. 

In periods of drought, the soil-moisture is progressively 
depleted, and the question arises whether at these times the 
soil can draw on the underground-water-table. Because of 
the above-mentioned misconception of the distance and speed 
of water movement in soil, there still exists a belief that water 
will rise by capillarity to a considerable height above the 
underground-water-table. This is not so. Experiment shows 
that, even in conditions of continuous drought, the maximum 
height of capillary rise is only 3-4 ft. in a heavy loam soil, 
while for lighter soils the height is, of course, less. Therefore, 
assuming the maximum capillary rise to be 3-4 ft., and taking 
5-6 ft. as the depth of soil inhabited by roots of agricultural 
plants, it follows that a water-table more than 8-10 ft. (the 
sum of these two quantities) below the soil surface is, for 
practical purposes, incapable of supplying water by capillary 
rise to the roots. 

Consider, now, the conditions in a valley. Near the stream 
the underground-water-level will approximately coincide with 
stream-level. Proceeding away from the stream, the land 
level will rise and so will the underground-water-level, but 
at a lesser angle; hence, the farther one proceeds up the side 
of the valley the greater is the depth of the underground-water- 
level below the surface. 

In fields near the stream there is only a shallow depth of 
drained soil for plant roots to inhabit. In spite of this, they 
will not suffer from drought because the underground water 
is close below; but a temporary rise in the level may check 
root activity because the shallow depth of soil will rapidly 
become nearly full of capillary water, thus reducing aeration 
and also causing deterioration in the soil structure. This 
effect will be progressively reduced the farther one proceeds 
up the side of the valley until, where the underground-water- 
level is 8-10 ft. below the surface, the plant roots will have 
the full 5-6 ft. zone for development before reaching the top 
of the 3-4 ft. zone of capillary rise. It follows, Aerefore, 
that everywhere from this point down to the stream, plants 
are liable to suffer if the underground-water-level is not 
kept as low as possible, and therefore, lands whose 
underground-water-level is 8 ft. or less below the surface are 
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benefited by drainage works that provide for the rapid and 
orderly evacuation of surplus water. 

It would be impracticable to trace the 8 ft. underground- 
water contour by a series of borings; some simpler and less 
costly procedure must be used for administrative purposes. 
The only practical alternative is to strike a contour on the soil 
surface a given vertical distance above stream-level, and it is 
clear that the vertical distance employed could legitimately 
exceed 8 ft. , since the underground-water-level is itself 
inclined upward from the stream. Nevertheless, the 8 ft. 
contour is employed in practice, thus excluding from the 
rateable area a marginal fringe of land that could quite fairly 
be brought in. 

The practice of measuring the 8 ft. contour, not from the 
stream-level but from the points reached by the highest 
recorded flood, is also quite justifiable. A flood “ banks up " 
the drainage water that is flowing along the underground- 
water-contour to the stream and thus progressively raises the 
underground-water-level in the higher unflooded land. Even 
though the visible flood may subside quickly, the land it 
covered will remain saturated for some longer time and so the 
banked-up water in the higher land will only slowly subside. 
In addition, there may be deterioration in the tilth of the land 
that has been flooded, so that it drains less freely than before, 
and the increased resistance to water movement still further 
reduces the rate at which the banked-up underground-water 
in the higher lands can subside. 

The direct effects of a flood on the land it covered are 
clearly visible; but its indirect effects on the higher unflooded 
land are at least as important. 
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(With Plates VIII and IX and Four Text-Figures) 
Introduction 

There is at present no quantitative measure of soil tilth. If the farmer is 
asked to express an opinion on the tilth of a field, he generally presses 
the soil with his foot and notes the compressibility, the ease with which 
the lumps of soil disintegrate, the stickiness, and possibly the tendency to 
recoil elastically when his weight has been removed from the soil. These 
properties are judged at a compressive stress considerably less than that 
obtaining in normal cultivation processes. Thus a man weighing 150 lb. if 
he puts the whole of his weight on his one foot, assuming the area of 
contact to be 35 cm.®,^ will exert a stress on the soil of less than 200 g./cm.® 
whereas, in practice, he seldom shifts more than half his weight on to the 
foot with which he is testing, so that a stress of the order of only 100 g./cm.^ 
is probably applied. Ballu(i) calculates that an ordinary farm horse 
exerts, under its own weight, compresvsive stresses of the order of 2000- 
4000 g./cm.2 if the ground is hard enough for the whole weight to be taken 
by the shoes, that tractor tyres produce a stress of 1000 3000 g./cm.^, and 
caterpillar wheels of the order of 250 g./cm.^, though these stresses are 
only exerted for very short periods of time. The stresses produced on the 
mouldboard of the plough are very variable. Nichols (2) has worked over a 
stress range from about 350 to 2000 g./cm.^, and points out that the lower 
part of this range, although more complex than the upper part, is, “from 
a practical point of view . . . quite important, as pressures are far above the 
average pressure exerted by the plow’’. Nichols worked on soil carefully 
prepared in “a fluffy finely divided state, without the formation of lumps 
or puddled particles”.* Work by other authors has generally been con- 
fined to soil removed from its natural environment. 

In designing an apparatus to measure quantitatively and imper- 

^ Estimated by observing the “ wear” on a pair of old rubber boots. 

* For a complete account of the development of cultivation processes see Keen (S). 
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sonally what the farmer gauges by his skill and experience, it is advisable 
that the weight to be applied to the soil should be considerably larger in 
area than any soil lumps likely to be encountered. If stresses of the order 
of 1000 g./cm.^ are to be applied, this would involve the transportation 
and manipulation of many hundredweights of metal, and in practice a 
compromise must be reached, both stresses and areas being vsmaller than 
those theoretically most desirable. 


TjiK FIELD APPARATUS 

For this purpose the apparatus shown in PI. V 111 was constructed. The 
weight consists of four cylinders of iron A, diameter 15 in., laid one 
above the other, each weighing about | cwt., the whole weight being hung 
from a point just above its centre of gravity, so that unevennesses in the 
soil surface only produce very small restoring forces. This weight is hung 
from a spring balance B, which c.an be raised or lowT^red by a windlass C 
operating through a worm, the whole being supported by a tripod fastened 
by iron pins to a triangle of iron resting on the soil surface. At each 
corner of this triangle is brazed a circular disk, 8 in. in diameter, to pre- 
vent the base from sinking into the soil. This apparatus can be placed in 
position without any disturbance of the soil beneath its centre, over which 
the weight initially hangs. The weight is lowered until its surface just 
touches the topmost summits of the lumps of the soil surface. A dura- 
lumin rod D is pivoted to the suspension between the spring balance 
and the weight, and is suspended on a hardened steel knife-edge attached 
to an independent iron rod E bent at right angles at both ends so as to 
penetrate the soil, and likewise fitted with 8-in. disks. The further end of 
the duralumin rod is ground to a point, which is trained on to a vertical 
millimetre scale held by another independently ‘‘disked'’ iron stand F. 

The weight (approximately 2!1() lb.) is lowered on to the soil by stages; 
the effective load on the soil is thus 230 lb. minus the spring-balance 
reading. The increments of load arc applied at J-min. intervals, and, im- 
mediately before each increment, the reading, JL, of the spring balance 
and a, that on the deformation scale, are recorded. The increments of load 
are made as nearly equal as possible. Two operators are required for the 
tests. The principal operator calls the J-min. intervals from a stop watch, 
reads the a-scale, and records all the data, while an assistant gives a turn 
to the windlass when instructed, and calls out the spring-balance readings. 

Interpretation of the significance of the data obtained will be largely 
reserved for a later section, but it will be advantageous at this stage to 
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examine a single experimental curve, such as that shown in Fig. 1. As 
the load is increased, the deformation increases at first fairly rapidly, and 


AD 



Fi^r« i-<oafl-(Joformation curve for a fie ld soil. 



IX^forniatioii (cm.) 

Fig. 1 a. Rcplottmg of data given m Fig. 1 to show elasticity effects. 

later more slowly. By the time the whole load is resting on the soil, a total 
compression A has been produced (circles on Fig. 1). This is partly 
elastic (recoverable) and partly plastic (non-recoverable) (vide Schofield & 
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Blair (4); N&dai(5)). If the load is removed from the soil by stages at the 
same rate as it was applied (crosses in Fig. 1 ), the soil surface actually 
rises very slightly. That this effect is real has been checked by doing tests 
on hard incompressible surfaces. These tests show that any elastic “give” 
in the apparatus itself must be exceedingly small. The loading curve, OA, 
is complex in shape, and its form will be considered later. It is by no 
means invariably of the form shown in the figure, but in all soils investi- 
gated the permanent plastic deformation is large compared with the re- 
coverable elastic deformation shown in the unloading arm of the curve AC, 
The tailing off of the curve from B to C is apparent rather than real, and 
depends simply on the unevenness of the soil surface and consequent 
difficulty in assessing a correct zero. In Fig, la, the scale has been in- 
creased so as to magnify the hysteresis loop. The amount of flow which 
takes place during the unloading and subsequent second loading of the 
soil (triangles in Fig. 1, crosses in la) islargely determined by the moisture 
content, whereas the steepness and shape of the first loading curve depend 
more on the looseness of tilth of the soil. These latter factors may be sub- 
divided into (a) flow and rupture properties of individual soil lumps or 
crumbs, and (h) capacity of these lumps to alter their packing under load. 
Although the elastic properties of the soil in tilth are interesting, the re- 
coverable deformations are so small (of the order of a millimetre in the 
experiments shown) that their practical interest is not so immediate as 
that of the plastic deformations. Nichols (2) has pointed out the difficulties 
involved in fitting any equation to the part of the compression curve when 
stresses are relatively low, and before attempting any complete treatment 
to actual experimental results it seemed advisable to evolve some method 
of plotting the data which should give a straight line as the ideal case, 
divergencies from linearity then being treated as a measure of abnormality 
of one sort or another. 


The “ideal” relationship between stress and deformation 
IN compression of a crumb-structured material 

This problem has been touched on by Terzaghi(6) and treated much 
more completely by Pokrowski & Bulyt8chew(7). These latter authors 
point out that in compression, the soil particles become increasingly dis- 
turbed out of their original structural formations and suggest an equation 
in which the stress gradient dSjda is proportional to the stress at any 
point on the loading curve, multiplied by the difference between this 
stress and the limiting stress at which the disturbance of structure is 
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complete. For small stresses, this equation reduces to dS/dcrccS, in 
which limiting case straight lines should be obtained by plotting log S 
against a. This treatment has been applied to some of the data from an 
experiment described in a later section, and the curves, which show a fair 
linearity, except in cases where the soil is very incompressible (i), are 
given in Fig. 2. The numbers refer to the treatments described later. 



Fig. 2. Data from field soil comprespion tests plotted according to 
simplified Fokrowski equation. 


It would seem more logical, however, to relate the stress gradient to 
deformation rather than to stress. The change in structure on compressing 
the soil may be regarded as a type of work-hardening and certainly 
depends more on the amount of compression than on the strcMS, and the 
total load exerted on the weight by the soil will rise proportionally to the 
area of contact as the area increases with the sinking of the weight. At 
first, the area of contact will increase rapidly, whereas repacking and 
shear efiEects will be slight. As compression prpceeds a region will be 
reached in which the two processes will have about an equal importance, 
and here the stress might be supposed to vary ideally with the square of 
the deformation — varying directly with the deformation for each of the 
two factors, increased surface of contact and packing and shearing.^. This 
is equivalent to assuming that dSjdijcccr for a crumb-structured material. 

^ The shearing proiMuiiies of the soil are being very tlioroughly investigated by Pigulevski 
and his colleagues (S). 
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For an elastic solid^ constant, or S increases proportionally to cr, 

and an approximation to this condition occurs for very hard dry soils, or 
at the top of the stress-strain curve, when compacting is considerable. 
(Experimental evidence for this will be given in a later section.) For a soil 
the loading curve is thus sigmoid in shape, for, in the lowest stress region, 
the stress varies as a power of the deformation greater than two, and at 
the high stress range it varies more nearly as a. The intermediate region is 
that in which the repacking, shear, and rupture of the soil crumbs are 
principally taking place, and this region, where S varies approximately as 
a*, is in general the more marked the better the tilth of the soil. 

It is clear that a very great many data will have to be examined before 
it can be established as a certainty that this treatment, which is partly 
empirical, gives the nearest approximation to agreement with the experi- 
mental figures. As Nichols rightly says, no true soil will conform exactly 
to any simple equation. A simple flow equation presupposes that the 
fine structure of the material is of such an order that statistical laws can 
be applied. The laws of flow for a true fluid depend on the great number 
and small size of the shearing units. In the flow of pastes complications 
arise due to size and shape of the shearing units ( 9 ) and, in natural soil, 
where these become of the same order of magnitude as the apparatus, 
individual particles may show their effects on the curves [vide infra). 
Before any information can be obtained as to the individual eccentricities 
of particular samples, the curves mu.st be reduced to a form where the gross 
effects of compression have been as far as possible reduced to order. For 
this reason it seemed good to design an apparatus in which curves could 
be obtained, giving the deformations plotted against the square root of 
the stress, the deformation being given at a constant rate. Partly because 
such an apparatus would be difficult to construct on a field scale, and 
partly because it was desired to investigate conditions of tilth, some of 
which could not be conveniently obtained on the farm, the apparatus was 
made for use in the laboratory. The technique is subject to the criticism 
applicable to all laboratory tests that the soil is liable to some changes in 
condition in the procesj of transferring to the laboratory, however care- 
fully the operation is done. The problems are therefore being studied at 
the same time by both methods: first, the field soil loading apparatus 
already described in which loads are applied as far as possible in equal 
increments after equal intervals of time, the rate of deformation being 
increased and elastic as well as plastic deformations being considered; 

1 For % true fluid, the stress would be proportional to the rate of deformation and in- 
dependent of the absolute deformation, so that dS/da would bo zero. 
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and secondly, the laboratory method, in which deformations are given at 
a carefully controlled constant rate, the square root of the stress built up 
being automatically plotted against deformation. In this latter method, 
elastic hysteresis phenomena are not studied. 

The laboratory apparatus' 

The apparatus is shown in PI. IX. A is an enamelled metal tray 
(20 X 15 cm.) containing a layer of soil 2-5 cm. deep. (The effect of depth 
of layer has been investigated and the depth here quoted has been found 
satisfactory.) This tray is hung by four chains and counterpoised by 
a bucket B, containing water. A constant speed motor C, operating 
through a suitable worm gearing, causes the tray to rise at a constant and 
very slow rate of about 2*35 mm./min. A lead weight D ( = 1670 g.) is 
hung from the beam E of a counterpoised balance resting on knife 
edges The weight is a cylinder of diameter 6-0 cm. It is hung from a 
point just above its centre of gravity, the suspension passing upward 
through a wide enough hole to allow for a maximum of about 10° of tilt if 
the surface of the soil is uneven. The force tending to right the weight is 
extremely small. Except at the lower end, the suspension is of steel wire 
to avoid errors duo to elasticity in the suspending thread. 

As the rising soil surface tends to take up the load of the weight, the 
beam of the balance rises, thereby opening a valve G which allows 
mercury, stored in the container H and kept at a constant head by 
adjustment of the tap »/, to run into the bucket K which is hung on 
the same arm of the balance as D, This compensates for the change in 
load produced l)y the gradual lifting of I), The bucket K has two of its 
sides parallel and two sloping, so that the height of the mercury collected 
is proportional to the square root of its mass, and hence to the square 
root of the load pressing on to the soil. The bottom of K is made flat, 
and before each test, 2*5 c.c. of mercury are run in from the burette L to 
cover this flat bottom. On this layer of mercury floats a small steel weight 
attached by means of a cotton passing over pulleys to a pen M, the 
other end of whose holder is again attached to a smaller counterpoise 
weight N, As the mercury lifts the weight in K, N pulls the pen M 
across the paper which is attached to a glass sheet by two rubber bands. 
The glass sheet is driven in a direction at right angles to the movement 

^ Thifl apparatus was describotl, with special n'ferencc to its application to soil 
amelioration problems, at the Conference of the Sixth Commission of the International 
Society of Soil Science, held at Zurich, August 1937, The author is indebted to Mr D. Morland 
for much help in the construction of the apparatus. 
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of M hy 8i> second gearing from the motor C, and as D does not move 
appreciably M traces a curve whose ordinate is proportional to the 
square root of the load on the soil, and whose abscissa is proportional to 
the amount of deformation. The two axes are drawn, one by raising and 
lowering N before the test, and the other by the second pen 0 attached 
rigidly to the frame, which is aligned so that the two lines so produced are 
at right angles. The total load represented in the diagrams amounts to 
69 g./cm.2, though, since only a part of the surface of the weight is in 
contact with the soil during much of the run, much higher local stresses 
must be produced. Work with a larger weight has also been carried out, 
but it is difi&cult to prevent weights giving high loads per cm.* from 
becoming unduly top-heavy. Once the motor has been started, it will be 
observed that the whole process, including the drawing of the curves, is 
automatic, except only for the adjustment of the tap J, which is a matter 
of secondary importance. 


Data obtained from laboratory apparatus 

A number of curves obtained with this apparatus are given in Fig. 3 : 
(1) is that for a dry sand, (2) for a wet sand in such a condition that the 
material coheres into a loose kind of structure, and (3) the same sand 
wetted to such an extent that the structure again disappeared. It is clear 
that in the two cases in which there is no crumb structure, the curve is 
concave to the deformation axis throughout, and calculation shows that 
the stress varies approximately as the deformation, whereas where there is 
a structure the curve is predominantly convex, the strain varying with 
some power of the stress higher than 2. Intermediately, approximately 
straight-line curves may be obtained. A '‘step-ladder^’ formation just 
visible at the lower end of curve 2 indicates the disintegration of indi- 
vidual crumbs. In Fig. ia values of aS calculated from\/^" readings read 
ofE the dry-sand curve are plotted against a. It is clear that under the 
circumstances of this test the “elastic” law is approximately obeyed.^ 
For comparison, curve 4 (Fig. 3) shows a test made on an ordinary 
rubber sponge. This is more or less elastic, as is shown from the Sja curve 
(Fig. 46). The modulus is not quite constant for low stresses due to 
peculiar surface properties. 

A curve for a wet, structureless soil is shown in Fig. 3, 6, and may be 

^ The laboratory apparatus is not designed to study elastic phenomena, and it is known 
that there is some “give” in the apparatus itself. For this reason reliable elasticity moduli 
could not be calculated from these curves. 
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compared with that for a soil in fairly good tilth (Fig. 3, 6). The 
significance of the differences in form will be discussed later. 



Fig. 3. Compressibility curves from self-recording laboratory apparatus. Ordinate is 
square root of the load, and abscissa is deformation. Moisture contents are given as 
numbers in brackets. 


It is natural to enquire how far the size of lumps of soil aSects the 
shape of the curve. In order to study this point, the soil used for Fig. 3, 6 
was sieved into a series of fractions, curves for the individual fractions 
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being taken. These are shown in Fig. 3, 7 particles in., 8, in., 
9, in., and 10, in. The differences are surprisingly slight. 



22 23 24 


Fig. 3. (Continued). 

Except in the case of the smallest fraction, there is a general tendency for 
the total compressibility to increase with decreasing size of particle, and 
the biggest particles not only tend to give a somewhat erratic curve, but 
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the stress clearly varies as some power of the deformation less than 2. 
This leads to the question as to how far the compression observed is due 
to shear or crushing of individual lumps, and how far to packing effects. 
Although local stresses must sometimes be much higher than the mean 
value of 69 g./cm.*, not very many crumbs are actually crushed, except in 
the case of soils having artificially prepared very soft crumbs. We are 
mostly concerned with the distribution of deformation between shear and 
repacking. Mr 6. H. Cashen suggested that experiments might be done 
on the compression of three crumbs chosen as far as possible to be of the 



Fig. 4. Compressibility curves plotting deformation against, load directly, a. Dry sand 
(calculated from Fig. 3, 1). 6. Rubber sponge (from Fig. 3, 4). 


same size (about 2 cm. diameter), and that comparison should be made 
with the curves for the complete soil from which the crumbs were selected. 
The results of these experiments are shown in Fig. 3, 11-15. Fig. 3, 11, 
is a curve for a surface soil obtained from a wood where the soil condition 
was kept good by natural processes. The soil lumps were small, and three 
of the largest of them had to be selected to obtain curve (12). Curve 13 
is for a complete soil from the same neighbourhood, but taken from 
a nearby waterlogged cultivated field which had not been ploughed 
for some time. The soils had both been somewhat dried out in the labora- 
tory before testing, and the latter soil had set into large hard lumps, three 
of the smallest of which had to be selected for the ..test 14. It is clear 
that the compressibility of the larger lumps from the good soil and that of 
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the smaller lumps from the bad soil were very similar, though in the former 
case this compressibility represented only a small fraction of the total 
compressibility of the soil, whereas in the latter, repacking can have 
played hardly any part in the building up of the composite curve. In 
none of these three-crumb tests did the crumbs crush completely. In 
order to show the effect of such a collapse on the curve, a soil made into 
very brittle crumbs in the laboratory was selected, and three crumbs 
tested. The curve is numbered 15. The apparent fall in stress immediately 
after the breaking of one of the crumbs (the only complete break during 
the test) is due to an upsetting of the surfacje tension conditions round the 
weight floating on the mercury surface. 


Effect op changes of tilth on the curves 

If the line of argument followed in this paper has been cogent, it 
should be possible to follow changes in tilth produced by natural processes 
by means of the laboratory technique described. Certain effects, such as 
slight surface “ capping may be incapable of preservation during the 
process of transferring the soil from the field to the testing tray. If these 
effects are to be studied the field technique must be used ; but many of the 
changes produced by climatic or cultural processes on the soil-crumb 
structure will readily survive transportation. The effect of a spell of 
frosty weather is shown in Fig. 3, 16-21. (hirves 16-38 are for the 
samples taken from three locations before the frost: (1) the top of a 
furrow on ploughed land in fair tilth, though over-wet, (2) a nearby 
depression where the lack of drainage had produced a really bad con- 
dition, (3) an allotment whose soil had been well cared for and suffered only 
from excessive moisture. (Moisture figures are given in brackets on the 
figure, and refer to the percentage moisture on a wet basis determined by 
drying the soil at 1 10"^ C. for 24 hours.) 

Following a few days of frost, further samples were taken from the 
same three places. A considerable improvement in tilth is shown in the 
case of the soil from the top of the furrow, a greater retentive improvement 
for the waterlogged sample, but little change is found for the soil already 
in good condition (curves 19, 20 and 21 respectively). A test designed to 
demonstrate the effect of freezing in the laboratory on a really good 
garden soil gave a completely negative result, the only changes produced 
in the curve being explainable by the slight drying out. 

Although space considerations preclude the publication of all the 
curves, the above soils were all tested not only soon after being brought 
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to the laboratory, but frequently for a period of some days during the 
drying-out process. After each test the soil was dug carefully to restore 
the uncompressed condition of the surface and, although the continuous 
pressing and digging is bound in the long run to affect the course of the 
drying process, experiments repeated immediately after such treatment 
agree very closely with the initial tests. It is therefore believed that the 
results of following such a drying out in this way are of interest. Three 
curves obtained after considerable drying are shown in Fig. 3, 22-24, 
which were obtained from the corresponding dried samples used for 
19- 21. During the same period of time (about 4 days) the better field 
soil had dried most, the waterlogged soil, on account of its bad structure, 
had dried least, and the good garden soil intermediately, duo, no doubt, 
to the very large amount of organic matter which it contained. The de- 
crease in total compressibility is clearly marked in all three cases. The 
shape of the curves has not been greatly affected, except for a slightly 
increased step-ladder structure in the case of Nos. 22 and 23 where 
somewhat hard intractable lumps are formed when the soil is dried. 

Sticky points and lower plastic limits were determined (Atterberg) on 
many of these soils, and it was observed that the latter, which is known to 
correspond reasonably closely to that moisture most suitable for cultiva- 
tion, also in many cases corresponds approximately to the point at which 
a well-marked step-ladder formation is observed in the compression 
curves. Such conclusions must, however, be treated with caution, since 
the moisture is often not very evenly distributed throughout the soil 
mass, and a small number of large lumps having a moisture content dif- 
fering from the mean for the whole sample nuiy affect the fine structure 
of the curve quite appreciably. 


Conclusions on interpretation op curves for evaluation 

OF TILTH, AND APPLICATION TO FIELD EXPERIMENTS 

The process of compression is not yet sufficiently understood for a full 
and complete interpretation of the curves in terms of tilth to be possible. 
In the field experiments, it is not known how the stresses in the soil vary 
with depth, though preliminary experiments (conducted in co-operation 
Avith Mr Cashen) in which closed rubber tubes attached to manometers 
were buried at different depths in the soil, indicate that although there is 
probably a time-lag, the compression effect goes down at least as far as 
the soil has been cultivated. It is intended to extend these experiments 
and to publish the results in a later paper. In the laboratory technique 
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the situation is somewhat different. Here, the effect of depth of soil layer 
Is surprisingly slight, and the deformations are partially restricted by the 
proximity of the sides of the tray. 

Even before the laboratory apparatus had been designed, interesting 
semi-quantitative results had been obtained in the field by testing areas 
within a small space which had been (1) dug once and rolled, (2) dug once 
not rolled, (3) dug twice and not rolled, and (4) dug twice and rolled. 
Tests were done at different spots on these plots chosen in a random 
manner, and the total compressibilities (arbitrary units), taken from the 
best straight line on a\/iS/a basis to eliminate surface unevenness effects, 
were as follows: 

Bays after cultivation treatment 


Treatment 

0 

6 

11 

21 

38 

1 

2-7 

4-4 

.5*5 

6-6 

4-7 

2 

14‘2(?) 

1M(?) 

21-5 

181 

16-6 

3 

11-6 

9-0 

lf)-9 

161 

16*3 

4 

1-9 

2-5 

3*7 

3-7 

6-7 


(Figures marked (?) were not as accurate as could bo desired.) 


The first of these experiments (0 days) provides the data used to test 
the validity of the (log S)la equation, and shown in Fig. 2. Only the first 
loading figures are given. The complete data for No. 3 are those used to 
show, in Figs. 1 and la, the general shape of the curv’^es. A number of 
other factors as well as total compressibility were considered, and certain 
regular effects noted, but it seems wiser to confine our attention at this 
stage to the broadest outlines, since the experiments have not yet been 
repeated, and it is hoped to undertake further field experiments, which, 
from the experience already gained, should be of a higher order of 
accuracy. 

It is clear from the above table that, for all treatments, the soils 
have become more and not less compressible during the first few weeks 
of digging, an effect probably due to an increase in moist content from 16 
to 26 per cent. When the soil has been rolled, this ‘‘lifting’* effect is very 
marked. Digging the soil twice in succession has not made it any more 
but rather less compressible, whether the soil is afterwards rolled or not. 

These preliminary results indicate the kind of information which such 
experiments should give. The following interpretation of the different 
characteristics of the curves will serve as a working hypothesis, and may 
be followed with reference to Fig. 3: 

(1) Soils in good tilth show a long deformation range in which the 
^/Sja curves are approximately linear. Upward curvature (increasing 



G. W. Scott Blair 655 

d (■\/S)jda) is preferable to the reverse, and a big total compressibility is 
generally a sip of good condition. 

(2) A long initial range where d {\/S)lda is low, especially if the curve is 
irregular, indicates an uneven surface of rather intractable lumps. 

(3) Very wet or very dry soils give curves concave to the deformation 
axis for most or all of their lengths. The latter usually give big step-ladder 
effects. A very light powdery soil may give a fairly high compressibility, 
but the curve is invariably concave. 

(4) Some step-ladder effect is advantageous— a perfectly smooth 
curve indicates a poor structure. 

(6) All data are best interpreted in the light of the moisture content of 
the soil when tested in relation to its Atterberg constants. 

Those conclusions are derived largely from experiencein the laboratory 
tests. It remains to be seen how far the differences in the method of stress 
application will cause them to require modification before application to 
the field data. 


Summary 

1. A preliminary account is given of experiments on the compressi- 
tnlity of soils in field condition, and two methods for obtaining compressi- 
bility curves, one for the field and one for the laboratory are described. 
The laboratory apparatus automatically draws a curve relating deforma- 
tion to the square root of the load built up. 

2. The theoretical relationship between load and deformation is dis- 
cus.scd, the conclusions reached being at this stage seini-ciuantitative. 

3. Laboratory compression curves are shown to indicate the charac- 
teristics of soils in various states of tilth, and the effects of drainage 
condition, frost action, etc. are discussed. 

•i. Such factors as size of soil crumb, depth of layertested, and moisture 
content of soil samples for laboratory studies are considered, 

5. Preliminary field experiments are described in which the effect of 
simple cultivation processes on soil compre.ssibility were measured. 

6. Tentative conclusions about the significance of the differences in 
the shape of the laboratory curves are given, though these may need to 
be modified, and will certainly be extended following further experi- 
mentation. 
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SOME ASPECTS OF CULTIVATION AND 
OTHER POWER OPERATIONS ON 
THE FARM. 

By B. A. Keen, D.Sc., F.R.S. and G. H. Gasmen, M.Sc., 
Kothamsted Experimental Station, Harpenden. 

Introduction. 

This paper deals with two somewhat contrasting aspects of 
farming that are being investigated by the Soil Physics Depart- 
ment of Rotham.sted ; both of them concern the agricultural 
engineer. The first is soil cultivation which is here discussed, 
not frv)in the aspiict of substituting existing horse operations by 
their mechanical-ixiwer equivalents, but from the standpoint, 
arising from recent research, that many present-day cultivation 
operations could be reduced or even given up without real 
detriment. The second is a comparison of electric motors with 
internal combustion engines for driving bam machinery with the 
object f)f comparing the relative power consumption (units of 
electricity and gallon> of fuel) for the same job of work. Com- 
parative figures of this kind are often asked for as a guide by 
farmers who have both sources of |X)wer available. 

Although agriculture is the oldest industry, it is the last to 
become mechanised. Over great tracts of the world long- 
established methods are still in u.se. Even in our own countr\' 
— the home of the machinery that made jx)ssible the Industrial 
Ke\'<)lution — the horse remains at least as important as steam 
engine's, internal combustion engines, and electric motors, and 
seems likely to continue so lor a long time to come. But in the 
economic conditions of our age the safest c'ourse for the hard-hit 
farming community is to reduce production C0'>ts. \Miile it is 
true* tluit go\'ernments of many countries are endeavouring to 
improve matters by manipulating selling prices, tlie methods 
are tentative and ex})eriinental and subject to fluctuations of 
pf)htical opinion. Production costs, on the other hand, are to 
some extent within the farmers' own control. 

At first sight, the utilisation of mecduinical and electrical 
energy in place of human and animal power would seem, as in 
other industries, the obvious if not the only way of cheapening 
production. But while this is also perfectly true of agriculture, 
it is not the whole story ; the purpose of this paper is to put the 
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subject in its agricultural perspective. Agriculture has two 
great difficulties to face, which are not felt to nearly the same 
extent in other industries. 

First, the farmer's programme of work is largely controlled 
by weather conditions. Usually his operations can only l>e 
arranged one day ahead, and must often be suddenly changed. 
Improvisations, and sudden peak periods of work, are so fre- 
quently necessary that they can almost be regarded as the 
normal programme. 

Second, while the farmer is compelled many months before- 
hand to arrange his cropping and stock scheme, and to commit 
himself irrevocably to it, he cannot say what eitlier the quantity 
or the quality of the produce will be. As a fantastic parallel, 
where would the motor-car industry be if the factory manager 
had no means of ascertaining how many cars his machinery and 
workmen would make, or whether they would be Rolls-Royces 
or Tin Lizzies ? Yet the farmer has no option but to work as 
best he can under similar difficulties. 

Fundamental conditions such as these influence the whole 
practice of agriculture and account for much that, to the outsider, 
seems to be mere inefficiency, or unsatisfactory methods, or both. 
For example, the modem tractor has been designed by engineers 
primarily to pull cultivation implements, although the jxiwer 
used in cultivation is only a fraction of the yearly power con- 
sumption of the average farm. This paradox is resolved wlien 
it is realised that although cultivations can fairly be described 
as an occasional job, they are of vital impxirtance, and it is often 
difficult to complete them in time, especially in catchy sea.sons. 
The tractor, in fact, is of most service to the farmer in fx?ak-load 
periods that follow unavoidable earlier delays in his programme. 
For a similar reason the number of farm workers and horses has 
to be greater than would suffice for the total labour requirements, 
simply because these are not steady but fluctuating. 

In approaching the question of cheapening production (osts 
it is important to realise that more is involved than th(‘ sub- 
stitution of animals by mechanical ix)wer ; this presents no 
important difficulties, and agricultural economists with the 
co-operation of farmers and engineers have produced comparative 
costings data for horse and mechanical power for farms of vary- 
ing sizes and types.* To secure the fullest reduction of j)rodiic- 
tion costs one must go deeper into the problem and inquire how 
far the various operations are necessary and justified irrespective 
of whether they are done by horses or machines. 

* See the publications of the Farm Economics Branch, University of 
Cambridge ; the Agricultural Economics Kesearch Institute, Oxford ; 
and the Department of Economics, Wye College, Kent. 
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The Art of Cultivation. 

Although the various operations involved in cultivating 
the soil have been raised to the level of a fine art by the British 
farmer, nevertheless little or no critical experimental work 
on cultivation has been done, until recently ; compare this 
situation with the much later development of artificial fertilisers 
which have been, and still are, the subject of innumerable and 
careful plot experiments. Cultivation is an art ; it is not yet a 
.science. It is the most expensive single item in the arable 
farmer’s budget : far more costly than artificial manuring, on 
which so much money for experiments has been spent. Culti- 
vation is an obvious problem to tackle in the search for cheaper 
production costs. The neglect to do so is a consequence of the 
understandable feeling of all good farmers that such an essential 
part of their work demands all the care and skill they can give it. 
Thus, in the seventies of the last century, when cheap and 
abundant human and horse labour were available, we find that the 
spring sowing of the root crop in particular was preceded by 
several ploughings and innumerable harrowings and rollings. 
To quote Irom a paper given by a prominent farmer at one of 
the Kothamsted Conferences*: “ 1 have here the tillage book 
made when my father entered my present farm in 1870 ; there 
were 4 ploughings, 25 drag^^, 10 small harrows, and 8 rolls to get 
a tilth for swedes, and this was in a dry season.” Nearly 50 
(Tiltivations for a crop that to-day does not pay for its growing ! 
Altliough economic conditions have long since precluded such 
lavish attention, it is still true to say that the farmer aim^ at 
getting what he considers to l)e the correct tilth lor each crop he 
sows, and that he believes the vrop will suffer by just the extent 
that the soil tilth falls short of perlection. It is this belief that 
('alls for critical and imj)artial examination. In other words, 
liow .sensitive' and resj>onsi\'e are farm crops to the state of the 
( iiltivation seed-bed ; what is the effect, if any, of surface culti- 
vations while the crop is growing ; is a jXTfect tilth essential for a 
satisfactory crop, or docs the farmer get nothing but the satisfac- 
tion of artisti(' achievement from the extra labour ? 

Dkef versus Shallcjw Cultivation. 

The at'crage American farmer is jxipularh^ supposed to be 
concemed far more with the financial than the cultural or artistic 
asjiects of agriculture ; which may explain why investigators in 
the United States Department ol Agnculturef have conducted 

* Kothanisteci Conference V (1927^ “ The art and science of culti- 
vation." (page 16). 

t Chilcott, E. U. and Cole, J. S. J Aj^nc. Kes., 1918, 14 , pp. 481-521. 
Sowell, M. C. J. .Vmer. Soc. Agron., 1919, 11 , pp. 269-290. 
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extensive experiments in the Great Plains on the relation between 
cultivation and crop yields. Their conclusions were somewhat 
startling, even when allowance is made for their pre-occupation 
with restricted rainfall or “ dry-farming ’’ conditions. Deep and 
thorough cultivations were unnecessary ; shallow ploughing 
gave as great yields. The purpose of ploughing was to bury 
weeds and bulky crop residues or manures, to reduce weed 
competition, to provide a soil surface that could easily be loosened 
before drilling the seed. The unmistakable inference is that 
cultivations beyond those necessary to suppress weeds and 
provide an initial loosening of the soil are of no benefit to the crop. 

In this country, and indeed within all the humid temperate 
zone, the virtues of deep and thorough cultivation are stressed in 
most text-books of practical agriculture, but until recently no 
crucial experiments have been made to test this belief. For 
some years past the subject has been under careful investigation 
at Rothamsted, and the conclusions are in general accord with 
those quoted above. The soil is a heavy loam classed as “ clay 
with flints ” ; and the sub.soil is distinctly heavier than the surface. 

In the experiments hubsoiling has often been tried, with 
little or no result. Occasionally an increase of half a ton of 
potatoes was obtained (just about sufficient to pay for the cost 
of the work) but no beneficial effect was secured in the following 
crops. Finally, in a plot e.xjxTiment on sugar beet, the subsoil 
was hand-dug and broken up w'ith forks, producing a much 
greater disintegration than an ordinary subsoiler, but in spite 
of this no increased yield was obtained. In later experiments, 
still proceeding, comparisons are being made of deep and shallow 
ploughing both for grain and root crops, Tlie yields .show no 
consistent benefit from deep ploughing even on the plots that 
are deep-ploughed each season, where some cumulative effect 
might have been anticipated ; in fact, shallow cultivations fre- 
quently give shghtly increa.sed yields. 

Although the above results apply only to the soil and weather 
conditions at Rothamsted, our land resembles a considerable 
area of this country. It is at least open to question whether, 
elsewhere, subsoiling or indeed any fonn of deep cultivatioti will 
necessarily produce increased yields. 

Surface Cultivation. 

Turning now to the question of the value of surface cultiva- 
tions in the growing crop, it is commonly stated that in addition 
to destroying seedling weeds they directly benefit the crop. 
Such cultivations are common in the root-break which is the 
” cleaning-crop *' of the rotation, and cultivations in excess of the 
minimum needed to keep down weeds are often given. The 
value of such intensive cultivation in comparison with the 
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minimum needed for weed removal was tested, both for sugar 
beet and kale, and on the light sandy soil of the Woburn Ex- 
perimental Station as well as at Rothamsted. The results were 
both striking and disconcerting. Far from producing a benefit, 
the extra cultivations actually reduced the yield. This reduction 
was statistically significant in that it was more than could be 
attributed to experimental error. Hence, like deep cultivation, 
the virtues of intensive surface cultivation are not self-evident. 

Obviously much further investigation under varied soil and 
weather conditions is desirable before coming to final conclusions. 
It is therefore satisfactory to note that the Cambridge University 
School of Agriculture has already begun, on its own farm, ex- 
periments in which certain standard cultivation practices, 
regarded as essential by the practical farmer, are being critically 
examined.’*' So far their experience conforms closely with that 
of Rothamsted : many of the cherished beliefs of the farmer 
appear to have no real basis so far as the final yield is concerned. 
Differences in early growth were often observed — they arc a 
common feature of the Rothamsted experiments also — but the 
effects disapj)ear Ixifore harvest. It is highly i)robable that 
many of the tenaciously-held opinions of farmers arc based on 
these early differences cou])led with the understandable, but 
unproved assumption, that .such differences must pcTsist through- 
out the plant's life. 


Kotakv (T’LTIV.VTION. 

An interesting instance of the evanescent nature of early 
growtli differences is afforded by the Rothamsted experiments 
on rotary culti\'ation which have been made since 1926. The 
ex|x'rinients are designed tf) test over a series of years the extent 
to which rotary cultivation can replace the traditional methods 
of cultivation on medium-land arable farms. (It may be remarked 
that rotary cultivation is alreaiiy well established in orchards 
and market gardens.) Our exjXTiments show almost invariably 
that germination and earl\’ growth are better on the rotary 
cultivated plots, but the differen('e d(x*s not jxrsist : at liarvest 
no su{xriorit\* is found. The initial advantage is probably Jue 
to the much kxiser and softer tilth given by the rotary cultivator, 
as separate measurements of the amount of disintegration 
produced by each form of cultivation show, contrary to the 
usual belief, that rotary cultivation produces not a finer but a 
much looser tilth than the traditional methods. This kind of 
tilth, and the fact that the revolving tines tend to distribute w^eed 
seeds throughout the whole depth of cultivation also probably 
explain the increa.sed wwdiness of rotary cultivated plots as 

* H. G. Sanders. J. Farmers' Club, 1935, pp. 81-100. 
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compared with those cultivated by traditional methods, where 
the germination is confined to the shallow surface layer. But in 
spite of these practical difficulties of increased weediness and 
looser tilth, the yields of arable crops are as great with rotary 
cultivation as with the older methods ; these results strongly 
suggest there is nothing sacrosanct or inevitable in the careful 
sequences of ploughing, cross-ploughing, cultivating, harrowing 
and rolling that the skilled farmer employs to create a tilth. 
Hoskyns said the same thing much more forcibly, 70 years ago,* 
and while the present-day salesman's slogan of “a seedbed in 
one operation '' for rotary-cultivator machines may be somewhat 
optimistic, it is not altogether off the target. 

Enough has been said to show that much of what has long 
been regarded as essential in the art of cultivation must now 
submit to the onus of proof ; but it must also be added that even 
if they fail to pass the impartial tests of science, there will still 
be left more than enough to give full scope to the cultivator’s 
personal judgment. Conditions — especially the weather — vary 
so much from one season to the next, and even within the season 
itself, that no series of objective rules, although based on a fully 
developed science of cultixation, could completely replace the 
intuitive decision of the skilled practical man. 

The Electric Motor versus Internal Combustion Engines. 

There are few farms to-day which do not use some form of 
power cither in the form of tractors or stationary oil engines, 
or both, for the various operations in and around the farm 
buildings. At the present day the extension of electrification 
schemes is providing more farms with the opportunity of using 
electricity instead oi internal combustion engines for this work, 
although it may be assumed that the use of electricity will 
be confined to farms not too distant from urban areas, owing 
to the high cost of bringing electricity to truly rural areas. 

With regard to field operations on farms, it may be mentioned 
that electrically operated ploughs have been developed both 
in this country and on the Continent, but at present there does 
not appear to be any great future for this application of elec- 
tricity. It may be concluded that the use of electricity will be 
confined to operations in or near the farm buildings. 

Farm machinery is usually driven by belt drive from counter 
shafting, when the change to electric drive merely entails the 
choosing of a suitable pulley-size for the motor, farm machinery 
being generally designed to run at a comparatively low speed. 
Provision of an individual drive for each machine is sometimes 
advocated, as power losses and dangers connected with overhead 

* “ Talpa, or the Chronicles of a Clay Farm." 
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shafting are eliminated : direct coupling is possible in some cases 
and avoids belt losses. However, it must be remembered that 
while unit drive may be ideal for some industrial purposes where 
each machine works say eight hours each day regularly, conditions 
in agriculture are quite different. Here a number of machines 
may be required for various operations, but any one may be 
used for only a few hours per week : again, the use of others may 
be purely seasonal. These considerations, and those of initial 
outlay, suggest that a farmer will try to keep down the number 
of his motors to a minimum, and have these general service motors 
so mounted that they may be fixed in position, but also moved 
without difficulty should their occasional use be required in 
another location. 

The process, in the main, has been to adapt motors to existing 
machinery, but the reverse process may well take place, and 
some machines, if the amount of their use warrants it, may be 
adapted to the high speeds obtainable with motors. It might 
be suggested, for example, that a grinding mill running at 
1,400 r.p.m. would be more efficient than one running at 60()-800 
r.p.m. : if so, w(Jiild the increase in efficiency be great enough to 
justify such a change in design, or are there any disadvantages 
serious enough to make such a change undesirable ? Questions 
such as these, the mechanical engineer will be able to answer. 

We at Kothamsted are not directly concerned with such 
questions, as our work has been simply to compare motors and 
internal combustion engines as jxjwer sources for the machinery 
we {K)sscss, in the hojie that the information obtained — from a 
neutral standpoint — would be of some assistance to farmers 
interested in the two ty{)es ot power. Probably most farmers 
would have a natural suspicion that the figures given by the 
manufacturers of engines and motors err on the side of optimism. 
Our primary aim was thus to obtain comparative electricity and 
fuel consumptions for the same jobs of work and so enable a 
farmer to find running costs for his own conditions : this is, 
of course, putting the matter in its simplest form, as the final 
comparison must take into account items such as the cost of 
equipment, depreciation and maintenance and, in the case of 
electricity, any charge for bringing the supply to the farm. 

It should be remembered that the definite advantages of 
electricity, particularly for lighting, cleanliness, simplicity in 
operation, iruTcased comfort in the farmhouse as well, have a 
value which is difficult to assess in terms of money. The con- 
sideration of such advantages may well outweigh any dis- 
advantage of electricity as regards power costs when compared 
with internal combustion engines. 

The experiments made to date have been on threshing 
wheat, oats and barley, and on the grinding of barley for meal. 
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Threshing. 

The Marshall threshing machine used has a drum widtli of 
48 inches and was driven in turn by three sources of power, 
viz. : — 

(1) A General Electric Company Witton 20 h.p. portable 
motor ; 

(2) A new International Harvester Company 10-20 tractor ; 

(3) An old International Harvester Company 10-20 tractor, in 
use at Kothamsted since April, 1928 and still in a fair 
condition after 7,000 hours* work. 

The experimental threshing was arranged in periods of two 
hours, to provide some replication for the measurements for 
each form of power, and to limit to some extent the errors which 
might occur in the comparisons. Such errors can occur owing 
to variability of the crop in the stack, and to decrease in the 
height of the stack as threshing proceeds : when the stack is 
low more work is required to feed the crop to the tliresher, 
and the tendency is for the rate of feed to be low. Electricity 
consumptions were obtained from the circuit and master meters, 
and fuel consumptions by the tractors by weighing. Other 
observations included weights of graded grain, straw, etc , time 
and labour for preliminary alignment of the power source with 
the thresher, the petrol required to warm the tractor engines 
before turning over to paraffin, thresher drum and drive pulley 
speeds. A summary of the results is given in Table I where any 
differential effect of the crop has been ignored. 


TAm.F: T. 


Mean electricity or fuel 
consumption per hour 

; Thresher 
j drum r.p.m. 

20 h.p. motor . . . 

7- 6 kW 

8- 3 kW 

8*0 kW all ex}X!riments 

1,070 

1.2(H) 

1,070-1,200 

New tractor 

1-42 gallons 

1,050-1,134 

Old tractor 

1 ’36 gallons 

1*40 gallons all tractor 
experiments 

1,060-1,200 
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Table I shows that for four experiments at the lower drum 
speed the mean consumption was 7-6 kW, and 8*3 kW for the 
higher speeds. The general mean for all experiments was 8*0 kW., 
which at an efficiency of 85 per cent, corresponds roughly to 
an output of just under 10 h.p. 

The average paraffin consumption for the tractors has been 
1 *4 gallons per hour, but the individual readings showed greater 
deviation from the mean than do those for the motor. This is 
understandable in that the motor automatically draws the 
required power from the main, but with the tractors wastage will 
occur if the carburettor is not adjusted to give the weakest 
mixture possible for the work. For this reason the figure of 
1-4 gallons is p>erhaps rather high, and 1*3 would be a more 
suitable figure. However, taking the averages as they stand, 
8-0 kWh *s arc equivalent to 1 *4 gallons of paraffin, or the paraffin 
equivalent of 10 kWli is 1*75 gallons. 

Tlie measurements of the different grades of threshed produce 
and a close examination of their condition gave no suppe^rt 
lor the statement sometimes advanced that the smoother torque 
of the electric motor produces a better sample of threshed 
grain : nor did there apjwar to be any marked effect of changes 
in drum speed within the limits used — 1,050-1,200 r.pm. Xo 
trouble was experienced with the motor and new tractor, but 
on one occasion the fuel feed pii)c on the older tractor required 
attention. 

It should be stressed that in these exjxjriments both motor and 
tractors were working at only 50 j)er cent. t)f their full capacity : 
the efficiency of a motor falls less rapidly with reduced loads than 
tliat of an internal combustion engine : hence if smaller units of 
10-12 h.p. had Ix'en used, which would have worked at nearly 
full load, it is probable that a lower figure than 1 -75 gallons tor 
the parafihi equivalent of 10 kWh would have been gi^•en. This 
raises an important point in farm practice. Even on the most 
efficiently run farms the tractor sjxnds only a small fraction of 
the year in cultivating, harvesting and haulage work. While it 
may be inefficient in tlie engineering sen.se of the word, to employ 
it for driving barn machinery that requires only a fraction of its 
available horse-power, from the viewpoint of farm practice the 
matter appears in a different light. The farmer is wasting ” 
only the difference between the fuel consumption of the tractor 
and a smaller engine, but against this he saves the cost of the 
smaller machine. In the case of the motor, if threshing is the 
heaviest work it will be called upon to do, there is obviously 
no need to have more power than is required for this operation. 
It is true that the difference in efficiency between a 20 h.p. and a 
10 h.p. unit is small, and will not lead to a large difference in 
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power consumption, but there are other ways in which the smaller 
motor will be more economical. If the fanner buys his current 
on a two-part tariff, for example, £4 per k.v.a. maximum demand 
over a period of, say, twenty minutes, plus a unit charge, his 
maximum demand and hence his fixed charge is increased by a 
poor power-factor. Comparing a 20 h.p. motor at half load, and 
one of 10 h.p. at full load, the difference in maximum demand 
would be approximately 1 k.v.a., or £4 a year difference. 

Calculation of Costs (Threshing). 

The purpose of the Rothamsted experiments is to compare 
equivalent consumptions of fuel and electricity to provide a basis 
for comparing relative costs for the two forms of power. The 
electrical installation at Rothamsted is designed for both ex- 
perimental and normal farm work and is probably more detailed 
than would occur under commercial conditions : hence our own 
costings data would not apply directly to the latter. In the 
following calculations typical farm commercial conditions for 
a farm of similar size and cereal acreage to Rothamsted are 
assumed. The motor considered is one of 15 instead of 20 h.p. 
and it is as.sumed that it would be used for other farm work 
besides threshing, thus increasing its annual use from 200 to 
500 hours. 


Starting and Running Costs. 

The only labour costs which have been considered are those 
for lining up the source of power with the thre.shing machine. 
During actual threshing the number of men employed was 
the same whether the motor or tractor was used, and the labour 
costs in threshing arc therefore the same for all sources of power. 
Labour is estimated at Is. per hour for the tractor driver and 
8d. per hour for general labour. 

The price of the petrol used was Is. 2Jd. per gallon and 
of the paraffin 6^d. per gallon. Lubricating oil on the basis 
of one pint for each experiment cost l-9d. per hour. The 
electricity tariff was Id. per unit in the first }'ear of the experiment 
and ^d. per unit in the second. There is also a fixed quarterly 
charge, which is designed to cover the overhead charges for the 
installation and calculated to give the producer a return of 6d. 
pr unit for lighting. Once the overheads have been covered 
in this way by the lighting load, the electricity concern can supply 
electricity for power at a price little above the cost of its produc- 
tion. In our costings we have preferred to spread out the 
fixed quarterly charge over the total number of units used for all 
purposes in the quarter. Depndmg on the quarter this has 
the effect of increasing the unit charge from 0*2 to 0*4d. For 



SOME ASPECTS OF CULTIVATION. 


124 


the purposes of this paper the net cost will be taken as 0*84(1. 
per kWh. 


Overhead Costs. 

The overhead costs are strictly those for maintenance and 
depreciation ; interest on capital invested is actually a charge 
against profit and not a cost, but it has been included to show 
the effect of different capital investments. 

A knowledge of the working life and maintenance costs of 
each item of equipment is essential but where such information 
is lacking, as for electrical equipment on farms, some assump- 
tions must be made. A motor under industrial conditions 
might be expected to have a life of at least 20,000 hours, which 
would correspond to a life of 40 j’cars at 500 hours’ use per 
annum. The damper conditions on a farm, combined with 
intermittent use, would result perhaps in a somewhat shorter 
life. Again, the life and maintenance costs of the circuit are 
not known. 

W'e have used the following tentative estimates, supplied to 
us from authoritative sources : — 

15 h,p, motor cost £69 10s. Od, Life 20 years at 500 hours 
per annum. 

Depreciation 7| per cent. 

Maintenance 2 per cent. 

Circuit, Cost £20. Life 25 years at 2(K) hours per annum . 
Depreciati(3n 7J j3er cent. 

Maintenance 2 per cent. 

Tractor Cost .£230. Life 8 years at 1,000 hours per 
annum. 

Depreciation 22 i per cent. 

Maintenance 3-75 {3er cent. 

The depreciation rates are those allowed for income tax 
purposes, and the interest charge has been taken at 5 per cent, of 
the value of the plant. The overhead charges calculated are tlie 
averages over the working life of the plant. 

The costs for lining up the tractor with the thresher is of 
the order of SJd., while for the motor where more labour and 
time is required, the costs were slighth’ greater, approximatelv 
4id. 

The costs for the actual threshing are given in Table II. 
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Table II. 

Charges for one hour's Threshing. 

(15 h.p. motor : 10-20 h.p. tractor. Output : 2 tons of grain 

per hour). 



Electrical equipment 

Tractor 


d. 

d. 

Fuel + oil : or electricity ... 

6-7 

11-0 

Overheads 

4-8 

9-4 

Total 

11-5 

20-4 


For the conditions assumed, and consumptions found, the 
total costs would be the same if the electricity for one hour 
cost 15 ‘Od., i.e. for a net cost of 1 *95d, j)er unit. 


Barley Grinding. 

Comparisons were made between a 6 h.p. Bamford diesel 
engine and a 5 h.p. General Electric Company ‘‘ Drumotor " 
when used to drive a Bamford 2C combined grist mill. The 
comparisons are less straightforward than threshing, as the 
quality of the product has a much greater effect on the power 
consumption than in threshing. Preliminary work demonstrated 
that the factors having grcate.st influence on the pow’cr consump- 
tion were rate of grinding, fineness of grinding, quality and 
moisture content of the barley used. The effect of rate and 
fineness of grinding on power consumption are shown in Fig. 1, 
w^hich represents for four rates of grinding the energy per ton 
required to produce a meal containing varying percentages of 
fine material : fine material is here defined as that w^hich pas.ses 
through a No. 32 grit gauze sieve (0’605 mm,). Tlie curves 
show that for a given degree of fineness the greatest efficiency 
of the motor and mill occurs for the highest feeding rate, and 
illustrate the wide range of energy requirement per ton of ground 
meal possible when both fineness and rate of grinding are altered. 
The fineness index of course can only lx? obtained by a sieving 
analysis after the grinding is finished, and therefore, to compare 
two sources of power it is necessary to have the fineness-energy 
curves for each at the same feeding rates. In practice it is 
most convenient to arrange the required rate of feed, and take 
a series of observations of power requirement for different 
settings of the mill plates. The spot tests last for a minute 
or so, during which time the output of meal is weighed, a sample 


SOME ASPECTS OF CULTIVATION. 


126 



is taken fur sieving analysis, and the electrical energy or fuel 
measured. The advantages of this method are that fineness and 
rate of feed arc less likely to change during a short test than in a 
long one : the amount of grain required is cut down to a minimum, 
which makes it easier to ensure a uniform quality of grain in 
the experiments. 

The electrical energy is obtained by timing the meter disc with 
a stop-watch, and the diesel oil consumption by finding the time 
required for the use of a known volume of oil, usually 25 or 
50 c.c.’s. Two sets of curves for feeding rates ot 4*0 and 5*6 cwt. 
j>er hour arc shown in Fig. 2, where output of fine meal per hour is 
plotted against kilowatts and pints of diesel oil per hour. The 
measurements with the motor extend over a range of power 
input of 3*65 to 4*88 kilowatts for the 4*0 cwt. grinding rate 
and from 3*1 to 5*9 kilowatts for the higher one. The readings 
with the diesel at the 5*6 cwt. feeding rate starts at a somewliat 
higher ix)wer than that in the corresponding motor experiment ; 
as a result, the agreement of the values of the kilowatt hour-oil 
equivalent obtiiined for the two grinding rates can only he 
checked over a power range of 4*5 to 5*3 horse-power. Within 
this range the two comparisons agree in giving a consumption of 
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0*46 pints per b.h.p. liour, or 0*49 lb. of fuel b.h.p. hour, and 
the diesel oil equivalent of 10 kWh is 5*0 pints of diesel oil. 
Consumption of lubricating oil by the diesel, according to the 
manufacturers' recommendations, will amount to one gallon 
per 200 hours. 

The same methods of costing described for the threshing have 
been followed. 

The following estimates have been adopted : — 

Diesel engine. Cost £73. Life 10 years. 

Depreciation 15 per cent. 

Maintenance 5 per cent. 

Drumotor. Cost £37 10s. Od. Life 20 years. 

Depreciation 1\ per cent. 

Maintenance 2 per cent. 



SOME ASPECTS OF CULTIVATION. 


128 


Circuit Cost £5. Life 25 years. 

Depreciation 1\ per cent. 

Maintenance 2| per cent. 

All the above have been assumed to be in use 500 hours per 
annum, and electricity has again Ixjen taken at 0'84d. per kWh. 

The price of the diesel oil we have used depends on the size 
of the drum in which it is delivered, and ranges from 5id. per 
gallon for 500 gallons to Is. 2|d. for a five-gallon drum. Tlie 
price for a 40-gallon drum, 8}d., has been taken, as this would 
be the most usual size for farms. Lubricating oil has been 
charged at the .same price as for the tractors. 

Tlie costs for one hour s grinding are given in Table III. 

Table III. 

Charges for one hour’s Grinding. 

(6 h.p. diesel : 5 h.p. Drumotor : each at 5 h.p. output.) 



1 Electrical ecpiipment 

Diesel 


d 

d. 

Fuel 4* oil : or electricity ... 

1 

3-9 

2-5 

Overheads 

1-7 

5-5 

Total 

5-6 

8-0 


Table III shows that for our conditions, and the assumption^ 
used, the motor is tlie dieaper unit. Had the net cost of 
electricity been l-36d, instead of 0 *84(1. the costs of the two 
forms ot power would have been the same. 
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THE SCIENTIFIC BASIS OF THE ART OF 
CULTIVATION 

‘ by B. A. KEEN 

Rothamsted Experimental Station 

Introduction 

The importance of the physical properties of the soil in soil 
management has been recognized by agriculturists from time 
immemorial. When scientific men turned their attention to 
agriculture, these properties were among the first to be studied. 
Later the great nineteenth-century advances in agricultural 
chemistry held the stage, and little further work was done in soil 
physics. Hence the early treatment survived, although it was 
rudimentary and defective, and its essentials are still commonly 
employed in text-books of practical agriculture in connection 
with the purposes and effects of cultivation operations. 

Again, until recent years few field studies have been made on 
the effects of various cultivations on the growth and yield of crops. 
In contrast with artificial fertilizers, for example, which have been 
and still are the subject of innumerable field experiments, cultiva- 
tion has been totally neglected; and yet the cost of cultivation is 
far more than that of manuring. The neglect can be attributed 
to the fact that the art of cultivation was established long before 
the experimental outlook was developed, and to the natural 
feeling of the practical man that the operations were so self- 
evidently fundamental as to be outside any need for experiment. 

Nowadays the changed economic conditions of farming no 
longer permit the almost innumerable cultivations that were 
standard practice in the ‘golden age’ of British farming. Who 
could afford to give to-day 4 ploughings, 25 drags, 10 horse 
harrowings, and 8 rollings to prepare a seed-bed for swedes, and 
that in a dry season? { *) Cheap and unlimited labour has gone, 
never to return. To-day cultivation costs form the heaviest single 
item in the arable farmer’s budget and, wishing to reduce these 
costs to the minimum, he is turning to mechanization, which has 
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effected marked reduction in other industries. But the fanners’ 
problem is deeper than the substitution of mechanical for animal 
power; the whole art of cultivation has to be examined to ascer- 
tain— irrespective of the type of power used— how far the various 
operations themselves are essential, and whether they can be 
reduced, telescoped, or replaced by new operations without 
causing deterioration to the land and the yield and quality of 
crops. It is precisely here that the relative absence of scientific 
knowledge about the highly developed but empirical art of 
cultivation is severely felt. 

There are two ways of remedying the deficiency which will 
ultimately link up with each other: direct field experiments on 
cultivation such as are now in progress at Rothamsted and 
Cambridge, and research on the physical properties of soil, on 
which soil tilth ultimately depends. Of these physical properties, 
the behaviour of the soil in regard to the moisture which it contains 
is perhaps the most important. Many traditional cultivating 
operations have as their main object the control of soil moisture, 
but until we fully understand how water actually moves and 
behaves in the soil, we cannot be sure that these operations are 
really as effective as tradition would have us believe. In this 
paper modem scientific theories of water movement are examined 
in the light of their application to cultivating operations in 
practice. 


The early theory of water movement in soil 
The early investigators based their theories of water movement 
in soil on capillary action. As is well known, when one end of a 
‘capillary’ tube — that is, a tube of very narrow bore — is dipped 
below a water surface, the water w'ill rise in the tube to a level 
higher than that of the surface into which it is dipped. This 
action, which is due to surface tension, is such that the narrower 
the tube, the higher is the level to which the water will rise. Early 
soil scientists pictured the pore-spaces in soil as consisting of a 
series of irregular capillary tubes in which water from the natural 
water-table would tend to rise to the surface. The supposed 
capillary tubes were regarded as being of exceedingly small 
diameter so that water could rise in them to considerable heights. 
It was commonly estimated, for example, that water could rise 
to the surface from an underground water-table as much as 30 feet 
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below, and the fact that rises of more than 3-4 feet could not be 
obtained in laboratory experiments was comfortably explained 
away by assuming that the field structure could not be reproduced 
by soil packed in tubes. 

This interpretation necessarily implied that in a period of 
drought, crop roots well above the water-table were supplied with 
moisture which ascended by capillary action. On the basis of the 
capillary theory, there was a simple explanation of the supposed 
effects of such common cultivation operations as harrowing, 
hoeing and rolling. Harrowing and hoeing had the effect of 
breaking up the capillary tubes close to the surface, and of 
covering their broken ends with a loose layer of soil. The normal 
capillary rise of water from below was thus interrupted and water 
which otherwise would reach the surface and evaporate would, 
in fact, be retained somewhere below. Regarded in this way, 
harrowing and hoeing tended definitely to conserve moisture. 

The same theory ascribed an exactly opposite effect to the 
results of rolling. Rolling would compress the soil, and by making 
the capillary tubes narrower, enable more water to be drawn up 
for the benefit of the young crop. 

Criticism of the capillary tube theory 

The first question is whether, in practical soil conditions, the 
maximum height of capillary rise ever reaches the values suggested 
by the capillary tube theory. This was investigated at Rothamsted 
over 15 years ago, using cylinders 2 ft. in diameter and 6 ft. deep, 
closed at the bottom so that all percolation water was retained. 
The cylinders were placed in excavations, with their rims just 
above ground level and filled with sand, or with soil in its original 
layers. In each cylinder a pipe 2 in. in diameter open at top and 
bottom, afforded a means of measuring the depth of the ground- 
water-level or, as it would be called in the field, the water-table. 
(See Fig. 1.) I’hc cylinders were left for several years for the 
contents to settle, before measurements of the ground-water-level 
changes were begun. As percolation w’ater could not escape, the 
ground-water-level reached the soil surface in the winter. It 
receded in the spring and summer, with temporary rises after any 
rainfall that was heavy enough to provide percolation water. By 
fitting together the receding portions of the curves, it was possible 
to construct a curve showing how the water-level would fall w'hen 
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drought conditions were maintained at the soil surface for an 
indefinite period, i.e. conditions in which the so-called capillary 
rise would have maximum opportunity of action. It was fortunate, 
for this purpose, that the experiments included 1921, the year of 
the great drought. The results are shown in Fig. i. 

JUtrvar cf- uxiticr-rable in toil. tnlcUxU^ Kituroted. wKen cc>riru\uoii« 
e\iaj»omtive condLlcion* one mamoeuneol otr the 



Fig. I. 

It will be seen that once the water-level had fallen quite a short 
distance below the surface (35 cm. and 70 cm. for coarse and fine 
sand respectively, and about 90 cm. for Rothamsted soil), it 
remained practically constant. The experiments therefore did not 
confirm the capillary tube theory for, according to the latter, 
water should have continued to rise by capillary action and, in 
consequence, the ground-water-level should have continued to 
fall. Putting the matter more accurately, these experiments, and 
a great many others that have been made from time to time at 
different centres, suggest that although a water movement in soil 
by capillary action may take place, it is limited, in practice, to 
relatively small distances. A rise of six feet would probably 
represent an extreme limit and, since over the greater part of the 
country the water-table lies considerably more than this distance 
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below the lowest root level of most plants, capillary action cannot 
in practice exercise much influence on growing crops. 

Even where the water-table is near to the surface there are 
serious objections to the capillary theory. For one thing, in its 
simple form it requires that all the soil subject to capillary action 
should be uniformly saturated with water; a condition which 
obviously does not hold in practice. Nor have attempts ( ') at 
getting over this difficulty without altering the basic theory— for 
example, by assuming that the tubes vary in diameter — been 
successful. 


The modem theory of soil-water movement 

As early as 1897 Briggs (’) in America broke away from the 
capillary tube theory, and developed a new method of approach, 
in which the water was considered to be spread in films over the 
surfaces of the soil particles. Although this was an improvement 
it still did not give the correct picture. The problem remained 
unsolved until the recent work of Haines (*) and Schofield (‘) at 
Rothamsted. It is not necessary here to discuss the scientific 
aspects of this recent work. It is sufficient to remark that, instead 
of an assemblage of capillary tubes, modern workers regard the 
pore-spaces in soil as a series of cells communicating with one 
another by relatively narrow necks. A general picture of soil- 
water movement according to these studies can, however, be given. 

Consider a soil whose moisture content has been reduced to a 
low value, and on which rain then falls. The particles in the 
upper layers are grouped into aggregates or crumbs that charac- 
terize ‘tilth’. These crumbs are permeated by minute interstices 
and behave towards the rain-water much as a sponge. Any water 
in excess of the amount these crumbs can imbibe passes on down- 
wards through the larger and cell-like pore-spaces between them, 
and continually decreases in amount as each successive layer of 
crumbs levies toll on it. In the subsoil and lower depths, where 
there is little or no crumb structure, the water is held mainly as 
little rings around the points of contact of particles and also in 
partially filled cell-like pore-spaces. (It is here assumed for 
simplicity that the lower depths are permeable.) Any percolation 
water surplus to the above requirements eventually reaches the 
underground water-table. The quantity of water that the soil 
will absorb Ls, in general, greater the higher the content of clay 
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and oi^nic matter; but there is a fairly characteristic value for 
each soil which may be regarded as the maximum water*holding- 
capacity under field conditions. Since only the water that is 
surplus to the maximum water-holding capacity of any given 
layer reaches the next lower layer, a relatively light rain shower 
may be held entirely in the upper layers of soil. On the capUlary 
tube theory this moist layer should share its water content with 
the drier layers immediately below, but both experiment and 
modern theory show that it does not. Any bulk movement is so 
slow as to be negligible for practical purposes, and the water held 
by the soil can be regarded as being relatively static. The modem 
theory shows that it resists movement and that evaporation from 
the surface proceeds by the progressive drying out of the top 
layers of soil rather than by upward movement of water from 
below to the surface. Similarly, absorption by plant roots does not 
cause water to move over any considerable distance into the 
depleted zone; the moisture remains relatively stationary, and it 
is only the fact that the plant’s ramifying root system traverses 
the soil very completely during its growth that ensures that the 
root-hairs are never far away from a supply of moisture. The 
roots of common agricultural crops, if conditions permit, range 
much deeper than is generally supposed; typical figures are: 
wheat, oats, sugar beet 5-6 ft., barley 3-4 ft., potatoes 3 ft. The 
water-holding-capacity of a j-ft. depth of soil is equivalent to at 
least inches of rain, which is sufficient to meet the average 
transpiration requirements of a typical crop. 

With regard to upward movement of water, the modern theory 
indicates that it takes place, if at all, over limited distances, and 
at a slow rate. A value of 3-4 ft. under field conditions is a 
generous estimate, as is indeed shown by the curve for a soil in 
Fig. I. If, therefore, we take the maximum root range to be 5 ft., 
a water-table more than 3-4 ft. below that, i.e. 8-9 ft. below the 
soil surface, is not able, in practice, to supply any appreciable 
quantity of water for the plant (*), nor, in fact, does the plant 
require it. The water in the soil, together with that portion of the 
rain that is not re-evaporated, is sufficient. If this were not so it 
would be difficult to explain why the depth of the underground 
water-table is not sharply marked out by the appearance of crops 
during a drought. As has already been pointed out the water- 
table over a great part of arable Britain is many feet below the 
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surface, yet the controlling factor in drought resistance is not this 
depth, but the heaviness of the soil. 

The bearing of the new theory of water movement on cultivation 

It is clear from the foregoing discussion that earlier ideas about 
the action of harrows, hoes and rolls will need considerable 
revision — at any rate so far as their effect in controlling soil 
moisture is concerned. We cannot, in fact, expect cultivation 
operations to give any direct control at all in ordinary circum- 
stances. Except when the water-table is very near the surface 
there will be no general upward movement of water, and evapora- 
tion from the surface will be confined to a progressive drying-out 
of the upper layers of soil. In these circumstances, mulching by 
harrows or other cultivating implements cannot conserve moisture 
— indeed by exposing a greater surface to the action of sun and 
wind it may even hasten the drying which takes place. When, on 
the other hand, the water-table is close enough to the surface for 
upward movement of water to take place, the movement is 
likely to be too slow to make good the loss by evaporation. The 
top layers will dry out and the resistance to diffusion of water 
evaporated from below will be increased. The rate at which 
water is lost from the surface will thus decrease until a state of 
affairs is reached in which the upward movement from the water- 
table is just able to make good the loss by evaporation. The soil, 
in fact, will become ‘self mulched’ and, in most cases, no more 
effective result would be achieved by mechanical mulching with 
implements. On the other hand, by removing the competition 
of weeds, harrowing or hoeing can conserve moisture indirectly. 
It may also be of definite value in some soils in breaking up a cap 
which might otherwise cause root damage in a young plant. But 
neither of these effects is concerned with moisture conservation 
in its ordinary sense. It would appear, too, that earlier workers’ 
ideas on the useful effects of rolling were also exaggerated. As 
we have seen, if the supposed action of the roller in increasing 
capillary action and bringing up a further supply of moisture could 
take place at all it would only be when the water-table was near 
the surface and the upper layers were saturated with water. And 
in these circumstances no farmer of experience would think of 
using a roll — indeed, to do so would almost certainly be disastrous. 
Any action, therefore, which the roller may appear to have in 
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bringing moisture to a young plant is almost certainly confined 
to pressing already moist soil around the plant so that the, as 
yet, partly developed roots can more easily extract the moisture. 

In conclusion, it might be pointed out that if cultivation opera- 
tions had any more direct action than those indicated above — ^if, 
in fact, they exercised anything like the delicate control of soil 
moisture commonly attributed to them— it would be impossible 
to account for the great mass of negative results that cultivation 
experiments have so far given. For moisture supply is obviously 
the greatest controlling factor in crop growth. Yet the extensive 
series of experiments, mainly on deep and shallow ploughing and 
subsoiling done in the United States (’); the work at Rothamsted 
comparing rototillage with traditional methods, and on intensive 
surface cultivations (') ; the critical studies of standard cultural 
operations made at Cambridge (*) all show that the yield of crops 
is surprisingly insensitive to variations in cultural methods. 
Effects on early growth, often of a striking nature, arc not in- 
frequent, but they disappear, almost invariably, before harvest. 
It would seem that the only essential purpose of cultivation opera- 
tions is to remove the competition of weeds for moisture — and 
many of the Rothamsted experiments cast doubt even on this; 
to facilitate the distribution of fertilizers; and to bring the soil into 
the loose mechanical condition necessary to create a seed-bed. If 
this be so, there are grounds for believing that an appreciable 
reduction in the number of operations, or a substitution of com- 
bined operations by new implements for the traditional sequence, 
could be made without any ill-efiects either on crop yields or on 
the accepted standards of good husbandry, and with an 
appreciable reduction in production costs. 
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The procedure usually employed for the estimation of the furfuraldehyde yield 
of plant materials is the phloroglucinol method of Krober [A.O.A.C. 1935], but 
this method is time-consuming and the materials required are rather costly. 
Powell & Whittaker [1924] recommended the bromine titration method as giving 
consistent results which agreed with those obtained by the phloroglucinol 
procedure. The bromine method takes a much shorter time (about an hour) and 
the materials required are more easily available. 

A preliminary comparison of the two metliods showed that the bromine 
method gave good agreement with the phloroglucinol procedure for plant 
materials (Table I). 

Table I. Furfuraldehyde yield frmn plant inateriak 


Furfuraldehyde yield by 



Amount 

Bromine 

Phloroglucinol 

Plant material 

taken 

titration 

precipitation 


mg. 

mg. 

mg* 

(1) Rice straw 

400 

53-2 

621 

(2) Oat straw 

300 

49'4 

48-7 

(3) Barley straw 

300 

49-8 

491 

(4) Ragi straw 

.300 

541 

632 

(6) Grass (lawn mowings) 

500 

38-4 

37-6 

(6) Bracken leaves 

1000 

42-2 

4M 


An examination of the applicability of either method to soils and materials 
admixed with soil raised several difficulties. The first lay in the procedure for 
distillation itself. It was found highly inconvenient to follow Krober’s procedure 
of adding 30 ml. portions of 12% HCl every 10 min. directly to the distilling 
flask, on account of the excessive bumping of the soil mass. This was avoided 
by taking 700 ml. of 12 % HCl in a conical flask and distilling it into a 300 ml. 
distilling flask containing the soil material mixed with 50 ml. of 12% HCl, at 
such a rate that 500 ml. were collected in 2J hr. This volume of distillate was 
found sufficient to collect almost the whole of the total furfuraldehyde yield 
obtainable from the material concerned. 

The second difficulty met with was the adverse effect of the presence of soil 
on the jneld of furfuraldehyde obtained. Considerably lower values were 
obtained in most cases (vide Table II) in presence of soil than in its absence, as 
has already been reported elsewhere [Acharya, 1937], 

( 1800 ) 
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Table TI. Influence of soil on the estimation of furfuraldehyde yield 


Soil added 

(1) Control value without the addition of soil 

(2) I) g. Paddy soil from Aduturai (India) 

Do. ignited 

(3) 6 g. Paddy soil from Coimbatore (India) 
Do. ignited 

(4) 5 g. Woburn soil (sandy loam) (England) 
Do. ignited 

(6) 5 g. Woking soil (sand) 

Do. ignited 


Furfuraldehyde yield in mg. (values for the 
soils only have been deducted in each case) 


Rice straw 

Wheat straw 

Barley straw 

0*4 g. 

0-4 g. 

0*4 g. 

55*2 

69*6 

66*4 

38*4 

52*8 

49*2 

32*4 

46*2 

43*8 

43*2 

58*2 

.54*0 

36*6 

52*2 

47*6 

r)2*2 

66*0 

62*4 

45*6 

59*4 

56*4 

55*2 

69*6 

66*4 

552 

69*6 

65*4 


The results presented in Table II are typical of those obtained by an 
examination of a large numbt^r of soil samples. Heavy soils generally showed a 
greatt'r interfering effect in the estimation of furfuraldehyde than light and 
sandy soils, and the adverse effect increased with the proportion of soil to plant 
material taken. This intc^rfering effect was not due to tlie organic matter fraction 
of the soil (e.g. lignin), as shown by the fact that ignition of the soil not only 
failed to remove, but increased the harmful effect. 

A detailed examination of the nature of tlu* interference of soil in the 
estimation showed it to bo due to the presence of oxidizing com])Ounds in the 
soil, e.g. ferric and manganese comfiounds and nitrate (vide Table III). Bengtsson 
[1936] has noticed that in presence of nitrate lower valiu‘s are obtained for 
furfurald(*hydc and has recommended that in such eas(‘s the material should be 
washed with water to remove the nitrate before distilling for furfuraldehyde. 
Such a treatment, however, when applied to the soils examined, instead of 
improving the recovery of furfuraldehyde, actually tended to lower it, showing 
that the oxidizing action of soil is due only in minor degre(* to the nitrate 
content, but is brought about mainly by the inorganic mineral constituents, 
such as ferric and manganese compounds. 


Table III. Influence of ojcidizimj agents on the recovery of furfuraldehyde 


Substanoc atkli'cl 

(1) Control value without an}- addition 

(2) Ferroiis sulphate, 1 g. 

(3) Ferric alum, I g. 

(4) Ferric chloride, 1 g. 

(5) Ferric oxide, 1 g. 

(6) Manganous chloride, 1 g. 

(7) Manganese dioxide, 1 g. 

(8) Sodium nitrate, 1*2 mg. 


Furfuraldehyde yield in mg. 


Furfur- 

Klee 

5 g. Aduturai 

aldehyde 

straw 

soil and 0*4 g. 

solution 

0*4 g. 

of rice straw 

60*() 

08*4 

.52*8 

60*6 

68*4 

52*8 

58*2 

57*0 

46*2 

.>6*4 

40*2 

36*0 

55*2 

24*0 

22-8 

606 

68*4 

52*8 

Nil 

9*0 

8*6 

58 2 

65*4 

49*2 


As the removal of the interfering constituents could not be effected by water, 
an attempt was made to reduce the compounds. V arious reducing agents such 
as Sn and HCl, Zn and HCl, Devarda^s ahoy in alkaline medium were tried, 
but the best was found to be the addition of stannous chloride (10% solution 
in HCl), This was therefore added to the soil in all distillations, and a comparison 
of the bromine titration and phloroglucinol methods was made. 
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Table IV gives the influence of adding different amounts of stannous chloride 
on the yield of ‘‘apparent furfuraJdehyde as determined by the two methods. 
The figures show that whereas the bromine value increases rapidly with increasing 
amounts of stannous chloride added, the phloroglucinol value first rises to a 
steady level and then shows an actual decrease. That the increase in bromine 
value was not due to a portion of the added stannous chloride being carried 
over with steam into the distillate was shown by running suitable blanks. 

Table IV. Influence of the amount of stannous chloride added 
on the recovery of furfuraldehyde from soils 

Furfuraldehyde 3 rield by 


f 

. .. A 

Phloroglucinol method 

Bromine 

Before 

After 

titration 

alcohol 

alcohol 

method 

treatment 

treatment 

mg. 

mg. 

mg. 

53-2 

52*1 

61*8 

35*3 

34*7 

34*2 

63-6 

62*8 

52*1 

581 

62*2 

61*0 

62*6 

46*4 

40*1 

67*2 

38*2 

26*5 

NU 

NU 

NU 

Dglucinol precipitate in 

alcohol, at 


Amount of stannous chloride added 

(1) Rice straw, 0*4 g. only 

(2) Aduturai soil, 6 g. and 0-4 g. rice straw, 

without stannous chloride 

(3) Do. with 5 ml. SnCl, 

(4) Do. with 10 ml. SnCl| 

(5) Do, with 16 ml, SnCl, 

(6) Do. with 25 ml. SnCl| 

(7) Blank with 26 ml. SnCI, only without 

added material 


higher concentrations of stannous chloride, suggested the formation of methyl- 
furfuraldehyde under these conditions [cf. Fenton & Gostling, 1901]. An exam- 
ination of the behaviour of non-pentose carbohydrates such as glucose, starch and 
cellulose in presence of stannous chloride confirmed this view (Table V), Ap- 
parently, in the case of straw, the exce.ss of stannous chloride should have 
similarly interacted with the non-pentose materials therein. Methylfurfur- 
aldehyde combines with bromine similarly to furfuraldehyde, and it is diilicult 
to distinguish between the two or to determine their relative proportions by 
this method. With phloroglucinol, however, methylfurfuraldehyde is partially 
precipitated as a brown precipitate which is readily soluble in hot alcohol. It 
is therefore possible to separate the two compounds and obtain correct values 
for furfuraldehyde only by treating the combined precipitates with boiling 
alcohol. 


Table V. Influence of 8 nCl 2 on the distillation of non-perUose 
materials with 12^ jo HCl 


Added 10 ml. of 10% SnCl, and distilled. 
Controls without SnCl| deducted 
in each case 

(1) Glucose, 1 g. 

(2) Soluble starch, 0*5 g. 

(3) Filter paper, 1 g. 

(4) Oat straw cellulose, 0*5 g. 

(6) Lignin, 0*6 g. 


Apparent furfuraldehyde yield by 



A . 

Phloroglucinol method 

Bromine 

Before 

After 

titration 

alcohol 

alcohol 

method 

treatment 

treatment 

mg. 

mg. 

mg. 

48*4 

36*3 

NU 

44*1 

33*7 

NU 

22*2 

161 

NU 

31*4 

23*2 

NU 

NU 

NU 

NU 
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When there is only a slight excess of stannous chloride present beyond what 
is necessary to reduce the oxidizing substances contained in the soil sample 
taken, the bromine and phloroglucinol methods give concordant results. With 
larger amounts of stannous chloride up to nearly twice the required amount, 
the phloroglucinol value remains stationary while the bromine value steadily 
increases and the distillate becomes coloured yellow (v. Table IV). This difference 
between the two methods is apparently due to the fact that within this range 
the amount of methylfurfuraldehyde formed is comparatively small (about 
10% of the furfuraldehyde produced) and is but partially precipitated by 
phloroglucinol. Even the small amount that may be so precipitated can be 
removed by treatment with boiling alcohol. With larger amounts than double 
the required quantity, however, the effect of stannous chloride is to depress the 
amount of furfuraldehyde formed and increase that of meth 5 dfurfuraldehyde 
and its volatile decomposition products. Hence the bromine value continues to 
increase, while the phloroglucinol value decreases, and the residue after alcohol 
treatment shows a still more rapid decrease. 

Usually, a quantity of 10% SnClg corresponding to 1 ml. pt*r g. of soil taken 
is found to be a good approximation to the quantity required for reduction 
of oxidizing substances present ; and the distillates obtained are colourless. Sandy 
soils require rather less, whilst clayey soils require relatively more. As it is 
difficult, how(*ver, to judge beforehand the exact amount of SnClg to be added 
in tiach case, and a slight excess vitiates the bromine value, but does not affect 
the phloroglucinol value, it is concluded that for soils and plant residues mixed 
with soil, distillation of the matt^rial with 12% HCl in presence of stannous 
chloride and estimation of the furfuraldehyde evolved by precipitation with 
phloroglucinol, followed by extraction of the precipitate with boiling alcohol, is 
preferable to the bromine titration method of Powell & Whittaker |1924]. 


Summary 

1. The present paj)er reports a comparison of the bromine titration method 
of Powell &. Whittaker and the gravimetric phloroglucinol method for the 
estimation of the total furfuraldehyde yield of soils and plant matt rials admixed 
with soil. In tlu' absence of soil, the two methods were found to give concordant 
results. 

2. In pres(*nce of soil, however, low results were obtained by both the 

methods, owing to the presence of oxidizing agents such as ferric and manganese 
com[K)und8 and nitratt; in the soil, which apparently oxidize a portion of the 
furfuraldehyde during the course of distillation with 12 'Die addition 

of stannous chloride in regulated amounts serves to reduce such oxidizing agents 
an<l yield the proper recovery of furfuraldehyde. About 1 ml. of 10% SnClg 
I3er g. of soil was found to be sufficient for most soils and to leave a slight excess. 

3. This excess of stannous chloride, however, tends to produce methyl- 
furfuraldehyde, which reacts with bromine and increases the “apparent'' 
furfuraldehyde yield as determined by bromine titration. The interference is 
much less in the case of phloroglucinol, as methylfurfuraldehyde is only 
partially precipitated by this reagent and even this interference can be removed 
by treating the combined precipitate with boiling alcohol, in which the impurity 
is easily soluble. A large excess of stannous chloride, however, gives a coloured 
distillate and depresses the formation of furfuraldehyde. 

4. Hence, it is concluded that for soils and plant materials mixed with soil, 
distillation of the material writh 12% HCl in presence of stannous chloride and 
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estimation of the furfuraldehyde by precipitation with phloroglucinol, followed 
by extraction of the precipitate with boiling alcohol, is preferable to the bromine 
titration method of Powell & Whittaker. 

In conclusion, the writer desires to thank Sir John Bussell and Mr E. H. 
Richards of the Rothamsted Experimental Station, England, and Prof. 
V. Subrahmanyan of the Indian Institute of Science, Bangalore, for facilities 
accorded to carry out the investigation. 
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INTRODUCTION 

The study of the metabolic processes taking place in a growing culture of micro- 
organisms presents some particular difficulties, and, in consequence, comparatively 
little work along these lines has as yet been reported. Among earlier papers on this 
subject, the following may be mentioned. The course of events during the growth 
cycle of a single culture has been investigated by Walker & Winslow and their 
associates (1932, 1934), who measured the carbon dioxide output and ammonia 
production (from peptone) of a pure culture of B. colt. Martin (1932), using the 
same organism, has made continuous studies of the oxygen uptake throughout its 
growth cycle; he found a pronounced maximum in the oxygen uptake per cell, 
occurring at the end of the lag period, or early in the logarithmic growth period, 
which he was able to associate with the time of maximum cell size. Burk & Line- 
weaver (1930), in the course of their intensive studies on the metabolism of 
Azotohacter^ compared the constant rate of respiration of a non-growing culture 
(deprived of nitrogen) with the increasing rate of a growing culture. 

In the study of the metabolism of a growing culture, the use of a free-living 
organism, which can be grown at a temperature of 25° C. or so, presents certain 
definite advantages over the use of a pathogenic strain. As the growth cycle is 
spread over a longer period, 4-6 days, instead of as many hours at 37'", it is possible 
to obtain a more detailed picture of the events at each stage of growth. 

In the present study, the oxygen uptake of a free-living bacterial species, derived 
ultimately from soil, and used in pure culture, was studied by means of Barcroft 
differential manometers. Two sets of experiments were carried out; in the first set, 
single observations were made on small amounts of liquid medium heavily inocu- 
lated with bacteria; these are referred to as suspension experiments throughout this 
paper. In the second set, referred to as culture experiments, a large volume of 
medium was seeded with a small inoculum of the bacteria in each case, and the 
resulting culture was observed at intervals up to the peak stationary phase of 
growth. 
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Description of species 

The bacterial species employed in these experiments was one of a number isolated, in 
the course of investigations on the purification of effluent from a beet-sugar factory, by 
the General Microbiology Department at Rothamsted. It was obtained from the film on a 
gravel filter used in this work, and was probably originally derived from the soil washed 
off the beets, which was the principal source of inoculation of the filter. In the present 
state of classification of the saprophytic bacteria, it is impossible to assign a specific name to 
it; it resembles in some respects the description given in Bergey’s Manual (1934) for 
Achromobacter fermentationis (Chester), but differs from it in not coagulating milk in 7 days. 
Its cultural characteristics are as follows; rods— i-o/x x 0*8 /i, non-motile, non-spore 
forming, gram negative; agar streak — growth good, filiform, white, opalescent, smooth, 
edge undulate, medium unchanged ; colonies on Thornton’s agar— round, white, slightly 
convex, opalescent. Does not liquefy gelatine. Produces acid and gas on sucrose and 
levulose, acid on dextrose, maltose and mannitol, acid and gas on glycerine. Reduces 
nitrates to nitrites. Forms acid on litmus milk, no coagulation or digestion. Aerobic, 
facultative. 


Method of counting 

The bacteria were counted throughout by the direct method, using a Thoma haemo- 
cytometer, 0*02 mm. deep, with 1/400 mm.“ squares. Duplicate counts were made in 
every case. This method of counting includes all bacterial cells present, whether viable or 
not. 


Measurement of oxygen uptake 

'Fhe apparatus used for the measurement of oxygen uptake consisted of Barcroft 
differential manometeft ; the technique employed has been fully described by Dixon (1934), 
The volume of sample used was 3 c.c. of the liquid culture, or suspension, in every case. 
The measurements were made at a temperature of 26'’ C., and KOH solution on filter paper 
was used to absorb carbon dioxide. 

Estimations of the respiratory quotient (carbon dioxide evolved/oxygen absorbed) were 
made by the technique described by Dixon (1934), in which one manometer is used to 
measure oxygen uptake, one (without KOH paper) to measure the difference between 
oxygen uptake and carbon dioxide evolution, and a third to measure the amount of bound 
carbon dioxide in the medium. This method gives an approximate estimate only of the 
respiratory quotient. 


I. SUSPENSION EXPERIMENTS 
Methods 

In these experiments, heavy suspensions of young cells were made by washing 
off the surface growth from cultures on a solid medium into a liquid medium 
containing either alanine (carbon and nitrogen both supplied) or glucose (carbon 
only). 

The bacteria were grown on nutrient agar; one, two or three tubes of this rnedium 
(according to the thickness of suspension desired) were inoculated and grown at 22 C. for 
either 24 or 48 hours. 0*5 c.c. of the liquid medium was then poured on to the surface 
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of each slope with a sterile pipette, and the surface growth emulsified in this liquid with a 
loop; the emulsion was pipetted into lo c.c. of sterile medium to form the suspension used. 
The number of bacterial cells in the suspension was counted in duplicate at the beginning 
and end of the experiment. The oxygen uptake of two samples of the suspension was 
measured over a period of 6 hours. 


Media 

The following liquid media were used : 

(a) Glucose medium (contains no nitrogen). 

0-2 per cent glucose and o*i2 per cent KH2PO4 in a mineral salt solution of the 
following composition: NaCl o*o6 per cent, KCl o-ooi per cent, CaClj 0*002 per cent, 
MgS04 0*001 per cent. Steamed for i hour, pH adjusted to 7*2 with Njio NaOH, 
steamed again for i hour. 

(b) Alanine medium. 

As above, except that the glucose was replaced by 0-2 per cent of alanine (a-amino- 
propionic acid). 


Results 

The results obtained from twelve experiments with the alanine medium showed 
two constant differences from the ten experiments with the glucose medium, which 
are illustrated in Table I. This table summarizes the results from six typical experi- 
ments, arranged in pairs, each pair consisting of one alanine suspension and one 
glucose suspension, with approximately equal bacterial numbers at the start of the 
experiment. 


Table I 



Alanine 

Glucose 

Time from 

Bacterial nos. 

Rate of oxygen 


Rate of oxygen 

(hr.) 

uptake per 

Bacteria] nos. 

uptake per 

(millions per c.c.) 

J hour 

(millions per c.c.) 

1 hour 



(mm.® from 3 c.c.) 

(mm.® from 3 c.c.) 

1st pair 





0 

462 


434 

— 

o-i 

— 

IS 


6 

31-4 

— 

55 



9 


— 

94 

— 

7 

6 

1200 

— 

380 


2nd pair 





0 

884 

— 

926 

— - 


— 

35 

— 

39 


— 

80 

— 

33 

51-0 


*50 

— 

27 

6 

2240 

— 

1163 


3rd pair 





0 

1026 

— 

1060 



Sl“^ 

6 

2660 

49 

112 

161 

1038 

3h 

29 

27 
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The first difference between the suspensions on alanine and those on glucose is 
that a considerable increase in bacterial numbers takes place on the first medium, 


but not on the second. The second differ- 
ence is that the rate of oxygen uptake rises 
markedly and continuously in the alanine 
suspensions, but falls a little with time in 
the glucose suspensions. This is further 
illustrated in Fig. i, which shows the rate 
of oxygen uptake for each half hour during 
the whole course of the second pair of 
experiments in the table. The curve 
obtained from the alanine suspension is 
concave upwards; a similar curve was 
obtained from all the alanine experiments, 
and its nature can be seen if the logarithms 
of the respiration rates are plotted against 
time. Fig. 2 shows the logarithms of the 
rates of oxygen uptake derived from two 
alanine experiments (4 and 9). The ob- 
served points in experiment 4 fall very 
nearly on a straight line; the rate of oxy- 
gen uptake is increasing logarithmically 
throughout. In other cases, however (as 
in experiment 9), there seems to be a 
preliminary period of adjustment, after 
which the rate increases logarithmically. 



Fig. I . I'he rates of oxygen uptake per half 
hour m a pair of suspensions containing 
about 900 million bacteria perc.c. at the start. 



Fig. 2. Logarithms of the respiration rates in two suspensions on alanine. 
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Relation between growth and increase in respiration rate 
As the increase in respiration rate has been used by Burk & Lineweaver (1930) as 
a measure of bacterial growth, it is of interest to see whether in these experiments 
the increase in the rate of oxygen uptake corresponds with the increase in bacterial 
numbers. If the respiration rate increases during the experiment in proportion with 
the increase in bacterial numbers, then the rate of respiration per cell should be the 
same at the end of the experiment as at the beginning. In Table II are given the 
rates of oxygen uptake per J hour from 3 c.c., and the rate per hour per 1000 million 
bacteria for the first half hour and the last half hour of eight experiments on the 
alanine medium. 

Table II 




Start 


Finish | 

Exp. 

Number of 
bacteria 
(millions 

Rate per 
i hour 
(mm.*) 

Rate per hr. 
per 1000 
million 

Number of 
bacteria 
(millions 
per c.c.) 

Rate per 
j[ hour 
(mm.*) 

Rate per hr. 
per 1000 
million 


per c.c.) 




I 

1026 

49 

34 

2660 

161 

41 

2 

462 

15 

31 

1200 

94 

49 

3 

520 

20 

30 

1508 

95 

40 

4 

884 

35 

28 

2240 

150 

41 

5 

1302 

45 

23 

2460 

*37 

37 

6 

450 

! 22 

36 1 

1445 

99 

45 

7 

834 

34 

30 j 

1970 

*.S 4 

48 

8 

624 

32 

i 

1980 

*57 

49 


In every case the rate of oxygen uptake per 1000 million cells is larger at the end 
of the experiment than at the beginning; the increase in respiration rate is greater 
proportionately than the increase in bacterial numbers. It is possible to consider 
the total oxygen uptake of such an actively growing suspension as divisible into 
two parts — {a) “maintenance” respiration, directly proportional to the number of 
bacteria present in the suspension, and therefore increasing during the experimental 
period, but insufficient to account for the total increase in respiration rate of the 
culture; and (b) “growth” respiration in the strict sense, presumably proportional 
to the division rate of the cells at any time. 

Respiratory quotient 

Nine estimations of the respiratory quotient were made on the glucose, and nine on the 
alanine medium ; the r.q. in both cases was a little less than unity. The glucose experiments 
gave a mean value of o-88 (standard error ± o-oi3),and the alanine experiments a mean value 
of 0*93 (standard error ±0-017). 

II. CULTURE EXPERIMENTS 
Methods 

In these experiments an effort was made to follow the course of events during 
a complete growth cycle, in cultures started with a small inoculum, by successive 
counts, and measuring the oxygen uptake of samples taken at intervals up to 
24 hours apart. 
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Medium 

The medium used throughout was the alanine medium described in section I ; 6o c.c. 
of this liquid medium, in a sterile 250 c.c. conical flask, were used in each experiment. 

Inoculations 

Two loopfuls of the growth from a young agar slope culture (18-30 hours old, usually 
24 hours) were emulsified in 10-20 c.c. of sterile medium in a small flask. The cells in the 
resulting suspension were counted with a haemocytometer, and 1-3 c.c. of the suspension 
were added to the culture flask, to give an initial count of between 5 and 10 million cells 
per c.c. This method has been found to give more consistent results than direct inoculation 
of the culture flask. 



Sampling 

The culture flasks, plugged with cotton wool, were suspended in a water bath at a 
temperature of about 2«;^ C. ( + 0*5"'). No attempt was made to aerate the cultures. They 
were maintained for periods up to 7 days from the inoculation, and, at daily or shorter 
intervals, samples were withdrawn, the numbers of bacteria in them counted, and their 
oxygen uptake measured over a period of 2 hours. 

Results 

The course of events occurring in a culture under the given conditions is 
illustrated by Fig. 3, which represents the average figures derived from six experi- 
ments performed under identical conditions, and giving closely similar results. It 
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will be seen that the numbers of bacteria present in the cultures increased up to 
96 hours after inoculation, when a steady state was reached at about 1500 million 
cells per cx. The total oxygen taken up in a 2-hour period attained a maximum 
value of about 270 mm.® in samples taken from 72-hour-old cultures; samples from 
older cultures gave values for total oxygen uptake decreasing rapidly with age, till, 
a week after inoculation (and 3 days after the stationary state was attained), the 
oxygen uptake was so small as to be only just measurable. Similar results were 
obtained for CO^ output by Walker & Winslow (1932). The oxygen uptake per cell 
(calculated as the oxygen uptake per hour per 1000 million bacteria) reaches a 
maximum value in samples taken 48 hours after inoculation, during the early part 
of the logarithmic growth period. On account of the smallness of the organism 
employed, it was impossible to measure any but the grossest variations in the size 
of individual cells; large variations in size were not observed, so the maximum value 
of oxygen uptake per cell cannot be definitely connected with the time of maximum 
cell size (cf. Martin, 1932). 


Respiratory quotient 

A few estimations of the respiratory quotient, made at different times in the 
growth cycle, gave values of unity or slightly below in nearly every case. The figures 
are given in Table III, which also shows the progressive increase, with the age of 
the culture, in bound COg present in the medium. 


Table III. Respiratory quotient and bound CO, 


Age of culture 

24 hours 

48 hours 

72 hours 

96 hours 

R.Q. (av.) 

095 

I’O 

0-97 

0*91 

Bound CO2 (av.) (mm.^ in 3 c.c.) 

75 

134 

233 

340 


Course of oxygen uptake in individual samples 

The course of oxygen uptake in 2 hours from samples taken at intervals of 24 
hours in a single experiment is illustrated in Fig. 4, which gives the rate of oxygen 
uptake for each J hour (mean values from duplicate samples). The oxygen uptake 
of the sample taken 24 hours after inoculation is very small, and proceeds at a nearly 
constant rate. On the other hand, the large oxygen uptakes of the 48- and 72-hour 
samples proceed at a continually increasing rate. When the stationary state is reached, 
at 96 hours, the sample still takes up a considerable amount of oxygen, but the rate 
of uptake is constant, as it is in the 120- and 144-hour samples (allowing for 
irregularities due to the larger error in reading the manometers when the rate is so 
small). 

The 96-hour and subsequent samples therefore resemble the glucose suspen- 
sions, showing a constant rate of oxygen uptake associated with an absence of bac- 
terial growth; in the samples taken when the bacteria are actively growing, the 
oxygen is absorbed at a continuously increasing rate, as in the alanine suspensions. 
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Shape of the curve of oxygen uptake 

The 2-hour experimental period used in the earlier experiments is too short to 
estimate the shape of the rising curve obtained from samples taken in the logarithmic 
growth period, and for comparison with the suspension experiments a culture 
experiment was performed in which the readings were extended over 6 hours for 
each sample. The bacterial numbers, rates of oxygen uptake and the logarithm of 



the rates in the 48-hour sample are given in Table IV. The other samples gave 
similar results. 


Table IV. 48-Aottr sample 


Time from start 

Number of 



of readings 

bacteria 

i\aic 01 oxygen 
(mm.* per | hr.) 

log,,, rate 

Difference 

(hr.) 

(millions per c.c.) 



0 

602 



— 

— 


— 

66 

!-820 

— 

i~ii 

— 

75 

1-875 

0-055 


— 

86 • 

1-935 

o-o6o 

2-2 1 

— 

97 

1-987 

0-052 

4-4! 



165 

2217 1 

0-057 

4l~5 

— 

181 

2-258 

004 1 


z 

183 

194 

2262 

2-288 

0004 

0026 

6 

1940 

1 

~ 1 

i 




i66 Jane Meiklejohn 

It will be seen that, for part of the six-hour readings, the rate of oxygen uptake is 
increasing logarithmically, as in the suspension experiments on alanine. 

The readings taken for as long a period as 6 hours in a small sample do not, however, 
really represent what is happening in the original culture over the same period, ^ is shown 
by the bacterial numbers. In the Barcroft bottle, the numbers show a greater increase in 
6 hours than is shown in 24 hours in the culture flask. A similar stimulation of bacterial 
growth in an apparatus which was shaken (in that case the Warburg apparatus) was ob- 
served by Wohlfeil & Ewig (1935). As a method of discovering the real course of events in 
the original culture, it would be better to take samples at frequent intervals, and to observe 
them in the Barcroft apparatus for the shortest time which suffices to obtain an adequate 
manometer reading. 


Effect of removal of cells from a culture 

As has already been stated in the first section of this paper, it is possible to think 
of the oxygen uptake of a growing culture as divided into two parts — “maintenance” 
respiration and “growth” respiration. A series of observations made during the 
whole growth cycle of a culture, as illustrated in Fig. 3, suggests that a growth 
respiration proportional to the rate of cell division is superimposed on a maintenance 
respiration which falls as the culture gets older; the two together giving a peak 
value for oxygen uptake in the middle of the logarithmic growth period, before the 
numbers of bacteria reach their maximum value. 

A method of estimating the relative size of these two components of the total 
oxygen uptake was found in the removal of cells from a culture in the logarithmic 
growth period; this compared with a control culture under the same conditions 
should give cultures of the same age (and therefore presumably at the same level 
of maintenance respiration), but with different growth rates. IVo such experiments 
were performed, one at 25“ C. and a second at 22° C. Two conical flasks A and B, 
each containing 60 c.c. of alanine medium, were inoculated at the same time from 
the same suspension ; flask A was used as a control. In the middle of the logarithmic 
growth period, 48 hours after inoculation in the first case, and 72 hours in the second, 
samples were taken from both A and B for the estimation of bacterial numbers and 
oxygen uptake. Immediately afterwards, half the contents of flask B were removed, 
filtered through a Pasteur-Chamberland L3 candle to remove all bacterial cells, 
and replaced. Six hours later, and again 24 hours later, further determinations of 
bacterial numbers and the oxygen uptake during 2 hours were performed on samples 
from both A and B. The results are given in Table V. 

It will be seen that the samples taken shortly after the removal of cells from 
flask B (at 54 and 78 hours respectively), show an increased oxygen uptake, relative 
to the number of cells present, as compared with samples from flask A, It will also 
be seen that the growth rate, as judged by the amount of growth recorded 18 hours 
later, is higher in flask B than in the control. Assuming that the maintenance 
respiration per 1000 million cells is the same in cultures of the same age, and assum- 
ing that growth in both cultures is proceeding logarithmically, it is possible to 
calculate the approximate values of maintenance and growth respiration in both 
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cases, for the samples taken at 54 and 78 hours (the next sampling after the removal 
of cells), since the total oxygen uptake is known in both cases. 

Table V. Effect of removal of cells 


Hours 

Bacteria (millions 

Oxygen 

uptake 

Uptake per hour per 

after 

per c.c.) 

(mm.* in 2 hours) 

1000 million cells 

inocu- 

lation 

A 

B 


B 

A 

B 

Exp. I (25 
0 

'^C.) 

11 






48 

864 

•950 

162 

182 

31 

32 

50 

— 

470 

— 

— 

— 

— 

54 ^ 

916 

564 

246 

172 

45 

SI 

72 

1332 

1192 

207 

264 

26 

37 

Exp. 2 (22 
0 

“C.) 

4 

4 





72 

6i6 

•580 

112 

lOI 

30 

29 

78 

738 

322 

127 

93 

29 

48 

96 

934 

906 

230 1 

205 

41 

38 


* Immediately after this county half the cells in /i were removed. 


Experiment I 

In culture A there are 916 million cells per c.c. at 54 hours after inoculation, and 
1332 million at 72 hours. By interpolation an estimate of the growth during the 
2 hours from 54-56 hours, when the oxygen uptake was being measured, gives a 
rate of growth of 20 million cells per hour— 2* i per cent of the calculated mean 
value (935 million). Similarly in culture B, starting with 564 million cells per c.c. 
at 54 hours, the growth rate over the next 2 hours is estimated at 23*5 million cells 
per hour — 4 per cent of the calculated mean value (588 million). The total oxygen 
uptake from 3 c.c. of culture during the period from 54-56 hours after inoculation 
is 246 mm.*^ in the A sample, and 172 mm.^ in the B sample. 

Assuming that 

a: = maintenance respiration in mm.® per hour per 1000 million cells, 

JV = growth respiration per i per cent growth. 


we can then derive two equations in x and y from the data obtained from A and B 
respectively. 

From A we have 


and from B 


(ajx 2 X ^ ^935\ I ^ 2-i) 246 (i), 

\ 1000 / 

{x X 2 x'^ + (jv 4) = 172 (2)- 


On solving these equations we obtain values for x and y as follows : 


ys= 6'6o. 
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Experiment II 

On considering the data derived from the observations made from 78-80 hours 
after inoculation in the second experiment, the growth rate in flask A during this 
period is estimated at 10 millions per hour, or 1*34 per cent of a calculated mean 
value of 748 million cells per c.c. ; and in B it is estimated at 20 millions per hour, 
5-89 per cent of the calculated mean value (341 millions per c.c.). From these 
figures, and the values obtained for the total oxygen uptake, we obtain the following 


equations: 4-49^;+ 1 * 343 '= 127 ( 3 )» 

2*05^: + 5 *89^= 93 (4)- 


The values of x and y which fit both these equations are 

:r=26*3, 

y= 6*63. 

Though these values of x and y are approximate only, it is interesting that the same 
value for y should be obtained in both experiments, and that the maintenance 
respiration, should be smaller in experiment II, where the culture is older than in 
experiment I. Incomplete though these experiments are, they yet suggest a means 
of separating the effect of cell division on metabolism from the effect of other factors 
which change during the life of a culture in a limited volume of medium. 

DISCUSSION 

The most salient points that emerge from the results obtained on the course of 
oxygen uptake during a growth cycle in a culture are two in number. Firstly, the 
peak in oxygen uptake per cell occurring at 48 hours after inoculation (cf. Martin, 
1932); and secondly the rapid drop in oxygen uptake in successive samples taken 
after the numbers of bacteria had reached their highest point. It is not possible, 
from the data obtained, to say whether the smallness of the oxygen uptake in the 
week-old culture is simply caused by exhaustion of the substrate, or whether other 
causes contribute to this effect. 

The results of both sets of experiments show a very marked difference between 
growing bacteria and bacteria in a stationary state. In the stationary states observed, 
i.e. suspensions supplied with glucose but no nitrogen, and cultures which had 
reached their maximum density, oxygen was absorbed, sometimes in considerable 
quantity, at a constant rate. In suspensions supplied with nitrogen as well as 
carbon, and in cultures in the logarithmic growth phase, the rate of oxygen uptake 
increased continuously during the period of observation. It might be expected that, 
as the numbers of bacteria pre.sent are increasing from moment to moment, the 
oxygen uptake would also increase proportionately to the increase in numbers; 
but the results of the suspension experiments show that the increase in oxygen 
uptake was greater in proportion than the increase in bacterial numbers. This led to 
the supposition that the respiration of growing bacteria could be divided into 
“maintenance’* and “growth” respiration, the former furnishing enough energy 
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to keep the cell alive, and the latter the extra energy required for cell division. The 
effect of removing cells by filtration from a culture in the logarithmic growth phase 
is to increase both the growth rate and the oxygen uptake per cell. Analysis of two 
such experiments suggests that growth respiration, per unit of growth, is constant 
during this logarithmic period, and that the maintenance respiration per cell falls 
as the culture grows older. 

It may be of interest to note that the inverse relation between bacterial numbers and 
respiration per cell, which was observed in an earlier series of experiments on carbon 
dioxide output (Mciklejohn, 1932), did not hold good for the experiments reported in the 
present paper. A similar inverse relation, between bacterial numbers and oxygen uptake, 
was observed by Wohlfeil (1930); in both cases, the more bacteria present in a culture, the 
lower the respiration per cell ; this relation was independent of the age of the culture. Both 
my former experiments, and those of Wohlfeil, used very different techniques to that 
employed in the present study; in both methods, air was bubbled comparatively slowly 
through a stationary flask. In a later paper, Wohlfeil & Ewig (1935) state that they find no 
evidence of this inverse relation in a series of experiments performed with the Warburg 
apparatus, which resembles the Barcroft apparatus in that the experimental material is 
shaken, and kept under conditions of maximum air supply. Similarly, the results reported 
in the present paper give no indication of an inverse relation between bacterial numbers and 
oxygen uptake per cell. 

I should like to express my thanks to Mr D. Ward Cutler, in whose department 
this work was carried out, for his constant help and encouragement. 


SUMMARY 

1. The oxygen uptake of pure cultures and suspensions of a free-living bacterial 
species has been measured at 26’^ C. 

2. At this temperature, liquid cultures reach the maximum stationary phase of 
growth about 96 hours after inoculation. 

3 . The greatest total oxygen uptake was observed in samples taken from cultures 
72 hours after inoculation, and the greatest uptake per cell at 48 hours after inocu- 
lation. The oxygen uptake in cultures which have reached the stationary state falls 
off rapidly, at each successive sampling, to a very low value. 

4. In suspensions deprived of nitrogen, and showing no growth, and in cultures 
in the stationary phase, oxygen uptake proceeds at a constant rate. 

5. In both suspensions and cultures, where active growth is taking place, the 
rate of oxygen uptake rises continuously; after a preliminary period of adjustment 
this rise is logarithmic. 

6. The rise in oxygen uptake in a growing suspension is proportionately greater 
than the rise in bacterial numbers. 

7. It is suggested that the oxygen uptake of a growing culture can be divided 
into two parts; “maintenance” respiration and “growth” respiration, and a tech- 
nique is outlined for estimating the amount of oxygen uptake due to each factor. 
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SOIL PROTOZOA; THEIR GROWTH ON 
VARIOUS MEDIA 

By ANNIE DIXON 

Rothamsted Experimental Station, Harpenden 

The methods at present used for the determination of the number and 
species of soil Protozoa are open to criticism, and it was with the hope of 
improving this technique that the present investigation was undertaken. 

The usual method of using peptone agar as a medium for the growth 
of the Protozoa was criticized by Fran 9 oi 8 Percy (4) in 1926 when she 
made duplicate counts from a French garden soil, using peptone agar, 
and also an agar medium made from a decoction of the same soil. The 
numbers she obtained with the soil medium were higher than those from 
peptone agar. The numbers of flagellates, however, though higher were 
not sigiificantly different; but the amoebae, Naegleria graberi, FaW- 
kampfia sp., and Hartmanella hyalina, were increased. In the case of 
Colpoda steinii, the only ciliate recorded in her paper, the numbers were 
doubled. Figures were given for one sample: 1,193,000 Protozoa per 
gram of soil with soil extract agar, as compared with 66,400 Protozoa 
per gram of soil with peptone agar. 

Similar results were obtained by Sandon(io) dealing with three Utah 
soils, and using agar in which soil or soil extract had been added in the 
place of mineral salts and peptone. The numbers obtained were higher 
than when the usual peptone agar was employed. Table I gives the 
numbers for these three alkaline field soils. 

Table I 

Alkaline field soil, Utah (Sandon) 


Flagellates Amoebae Oiliates 



/ ^ 

Peptone 

\ 

r 

Peptone 

_-A ^ 

Soil 

i ^ 

Peptone 

Soil 


Soil 

A2 

Few 

7193 

28 

116,000 

Few 

Few 

R 

226 

1798 

1798 

14,386 

28 

460 

B 

67 

67 

900 

3,696 

7 

67 


A few experiments made on Rothamsted soil did not give these big 
differences, and as Sandon’s results were obtained from alkaline soils and 
Fran§ois Percy’s from rich garden soil, it was decided to continue the 
investigation, using as many types of soil as possible to discover whether 
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peptone agar is generally the best medium for the qualitative investigation 
of soils. This was facilitated by receiving a varied collection of soils from 
the tobacco region in the south of the U.S.S.R., comprising 55 soils 
from eight different regions collected by the State Institute for Tobacco 
Culture. 


Effect of storage 

As these soils were all received in a dry state and the time required 
for examination extended over a long period the effect of storage must 
be taken into consideration. Very little work has been done on the effect 
of storage on the numbers of Protozoa found in the soil, when it is kept 
in a dry state. Fantham & Paterson ( 3 ) in their work on South African 
soils showed that some species of Protozoa persist, though not all survive 
in soil bottled for 3 years. They state that ciliates from bottled soils 
develop more rapidly in cultures than those from fresh soil. Goodey(r)) 
also obtained an abundant protozoan fauna from soil stored for many 
years. Work in this department on stored soils (2) showed that, if the 
water content is satisfactory, the organisms exhibit the same fluctuations 
as found in normal field soils. 

The numbers of Protozoa found in the tobacco soils did not differ 
abnormally from those in soils examined 12 months later. It is reasonable 
to suppose that as these soils were collected in the dry hot season, in 
July and August, when the soils are dried in the sun and contain com- 
paratively little moisture, the effect of storage on the numbers of Protozoa 
would be less than if the soil was collected in a damp condition. However, 
it is not claimed that the numbers of the Protozoa found are the exact 
figures, as they probably represent only the cystic forms found in the 
soil, and it was impossible while at the State Institute for Tobacco 
Culture to make any quantitative investigations into the numbers of 
active and cystic Protozoa in the soil. 

Methods 

The total numbers of Protozoa were counted by using peptone agar, 
and soil extract agar made from that soil. This was made by boiling 
200 g. of soil with 600 c.c. of tap water gently for 1 hour and filtering 
under pressure, after which the liquid was made up to 400 c.c., and 5 g. 
of agar were added. The medium was then sterilized in the autoclave, at 
a pressure of 15 lb., and allowed to cool immediately; the sterilization 
was completed by steaming on two successive days for 1 hour. Un- 
published work done in this department suggests that if soil extract is 
heated for too long a period, it has a detrimental effect on the Protozoa; 

Ann. Biol, xxiv ^ 
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the dilution plates were therefore poured while the agar was hot after 
the third sterilization, in order to avoid further heating. 

The dilution counts, for the quantitative examination of the soil, 
were done by the method given by Cutler ei ah Oh The Petri dishes were 
kept at room temperature, and examined at intervals of 7 days for 
1 month, being moistened with sterile tap water when necessary. 


Part I. U.S.S.R. tobacco soils 

The total number of species from these soils recorded on soil extract 
agar was higher in every case than that on peptone agar, the average 
number on the former being 11 and on the latter 6. The average number 
of Protozoa is low, because it is calculated from all the successive samples 
in the same profile. The depths vary, from one region the samples being 
taken from the surface and at successive depths to 50-66 cm. and from 
another to 60-65 cm. These deeper samples, though never without 
Protozoa, yielded only a few species. With three exceptions the total 
number of Protozoa was much higher on the soil extract agar, but in 
these three cases, the flagellate Cercomoms crassicattda was present in 
much higher numbers on peptone agar than on soil extract agar. The 
numbers of Oikomonas termo, in one of these samples, were also higher 
on the peptone agar. With these exceptions more species and individuals 
were always found on soil agar plates. The examination of these three 
samples could not be repeated as there was not enough soil available. 

Table II shows the differences in the numbers of species and individuals 
in the two agars in the first 12 soils examined from the U.S.S.R. 

The soil samples referred to in Table II were taken from the surface 
to a depth of 10 cm., but most of the institutes sent soils taken at various 
depths, thus giving interesting figures for comparison. The figures show 
the big increase in the numbers of all classes of the Protozoa when soil 
extract agar is used, but it is most noticeable in the case of amoebae and, 
to a lesser degree, ciliates, which though usually found in the top layers 
of the soil do not readily develop on peptone agar. The differences in the 
ciliates are interesting since from 56 samples of soil, 40 recorded ciliates 
on soil extract and only five on peptone agar. The growth of flagellates 
on the two agars is very erratic, generally the numbers are higher on soil 
extract agar, but they are sometimes similar and, in three samples out 
of the 56 soils, the development is greater on the peptone agar. Two of 
these exceptions, samples 1 and 10, are shown in Table II. These high 
numbers are invariably due to the excessive growth of common forms. 
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Table II 






Twehe Russian soils 





Amoebae 

-A 

Flagellata 

^ K- 


CUiata 


Total no. 

No. of 

Total no. 

No. of 

Total no. 

No. of 

Sample 

perg. 

Bpeoies 

perg. 

species 

perg. 1 

species 



Soil extract agar 




1 

59,268 

8 

187,874 

10 

118 

4 

4 

960 

3 

2,783 

10 

22 

2 

7 

1,321 

7 

2,746 

12 

17 

2 

10 

21,250 

2 

8,402 

8 

175 

2 

13 

121,938 

6 

433,159 

8 

86 

2 

16 

1,901 

4 

737 

8 

15 

1 

20 

3,710 

2 

3,656 

8 

32 

2 

24 

3,626 

5 

45,017 

9 

40 

2 

29 

117 

2 

2,597 

5 

0 

0 

31 

2,600 

1 

377,185 

9 

22 

2 

36 

3,620 

4 

10.010 

8 

38 

1 

41 

1,322 

3 

75,2.54 

7 

38 

1 




Peptone agar 




1 

10.407 

2 

370,429 

8 

0 

0 

4 

560 

2 

2,161 

8 

0 

0 

7 

407 

2 

730 

6 

7 

1 

10 

1,815 

2 

42,917 

5 

0 

0 

13 

268 

2 

36.696 

8 

25 

1 

16 

450 

2 

290 

4 

15 

1 

20 

160 

1 

2,478 

8 

0 

0 

24 

488 

2 

14,298 

7 

0 

0 

29 

56 

1 

139 

4 

0 

0 

31 

167 

2 

1,447 

8 

0 

0 

36 

160 

1 

9,605 

5 

0 

0 

41 

160 

1 

296 

4 

0 

0 

This variability in 

the numbers of the flagellates 

is illustrated in 

Table III, where are given the number of Hcieromita globosa found 

in the 

first 12 samples. 









Table III 





Heteromita globosa, numbers per gram, of soil 



Sample 

Soil extract 

Peptone 




1 


10,400 

1,800 




2 


1,800 

1,800 




3 


3,600 

160 




4 


640 

480 




5 


450 

‘]30 




6 


56 

32 




7 


640 

230 




8 


320 

6-8 




9 


79 

0 




10 


3,600 

3,600 




11 


6,200 

640 




12 


450 

0 




It is seen that there is no consistent difference between the numbers 
from the two agars; in some samples they are alike or only show slight 
differences and, in others, the differences are more than twentyfold. 

29-2 
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Samples 6, 9 and 12 with low numbers of H, globosa are all deep samples 
taken from a depth of 60-56 cm. 

Table IV shows the numbers of HaHrmneUa hyaUna on the two 
agars. 

Table IV 

Hartmanella hyalina, numbers per gram of soil 


Sample 

Soil extract 

Peptone 

1 

69,000 

10,400 

2 

7,200 

450 

3 

6,200 

25 

4 

640 

450 

5 

320 

15 

6 

56 

6-8 

7 

900 

460 

8 

160 

6-8 

9 

900 

6*8 

10 

20,800 

1,800 

11 

5,200 

900 

12 

20,800 

6*8 


These figures demonstrate that peptone agar gives a very low 
estimate of the numbers of H. hyalina and, though these are always 
larger in soil extract agar, there is still a great variability in the increase. 


Appearance of the agars 

The appearance of the two sets of Petri dishes is quite distinct. 
Peptone agar encourages the growth of specialized species of bacteria; 
while soil extract agar allows of the development of many species in small 
numbers. On peptone agar plates large numbers of Cercomonas crassi- 
cauAa, Heteromita globosa and Oicomonas termo occur which swamp other 
organisms, sometimes making it very difficult to identify other species 
in plates of low dilutions. On soil extract agar the Protozoa though 
fewer in numbers on the individual plates are of varied species, and no 
individual species swamp the development of other forms. All types of 
Protozoa flourish on this agar, the growth of amoebae and ciliates is most 
marked, especially that of the latter which are never very abundant 
in the soil and are usually not recorded when peptone agar is used. The 
soil extract, as seen in Table II, supports a greater diversity of species of 
Protozoa as well as higher numbers. 

The following list shows the Protozoa recorded from Russian soils 
on the two media. The symbols S.E.A, represent soil extract agar and 
P.A. peptone agar. 
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The Protozoa recorded from Russtan. soils on sml extract 
agar and peptone agar 

Flagbllata. 

Ctrcomonas craaaicauda Alexeief, S.E.A., P.A. 

G, longicauda Stein, S.E.A., P.A. 

Cercobodo agilia Moroff, S.E.A., P.A. 

Hdkeaimaetix faeckola Woodcock, S.E.A., P.A. 

Phalansterium aditarium Sandon, S.E.A., P.A. 

Bodo cder Klebs, S.E.A. 

B. aaUana Ehrbg., S.E.A., P.A. 

Heleromita globoaa Stein, S.E.A., P.A. 

Spiromonaa ariguata Duj., S.E.A. 

SaiTi&uron mikroterm Sandon, S.E.A., P.A. 

AUantion tachyploon Sandon, S.E.A., P.A. 

Tetramilua roatralua Perty, S.E.A. 

T. apiralia Goodey, S.E.A., P.A. 

Oikomonas termo (Ehrbg.) Martin, S.E.A., P.A. 

0, mtUabilia Kent, S.E.A., P.A. 

ScyUmmaa puaiUti Stein, S.E.A. 

ErUoaiphon sulcatum (Duj.) Stein, S.E.A., P.Ai 
Alloa diplophyaa Sandon, S.E.A. 

Rhizopoda nuda. 

Naegleria gruberi (Schardinger) Wilson, S.E.A., P.A. 
HartmaneUa hyaUm (Dangeard) Alex, S.E.A., P.A. 

Amoeba diphidea Hartmann & Nagler, S.E.A., P.A. 

A . atricUa IVnard, S.E.A., P.A. 

A . aJbida Nagler, S.E.A. 

A . radioaa type, Ehrbg., S.E.A. 

A. glebae, DobeU, S.E.A. 

Amoeba sp. a, Sandon, S.E.A., P.A. 

Biomyxa vagana Leidy, S.E.A. 

Oephymmoeba delicaiula Goodey, S.E.A. 

NucJmria simplex Cienk, S.E.A. 

Aciinophrys aol Ehrbg., S.E.A. 

Acnnthocyatia aculeata Hertwig & Lesser, S.E.A., P.A. 

Rhizopoda testacea. 

Euglypha tuberculata Duj., S.E.A., P.A. 

Trinema lineare Penard, S.E.A. 

Lecythium hyalinum (Ehrbg.) Hertwig & Lesser, S.E.A., P.A. 

L. mutabUe Bailey (Hopk.) 

ClLIATA. 

Enchelya farcimen Ehrbg., S.E.A. 

ChUodM uncinatua Ehrbg., S.E.A. 

Colpoda cucuUua O.F.M., S.E.A. 
r. ateinii Maupas, S.E.A., P.A. 

Cinetochilum margaritaemm Ehrbg., S.E.A. 

BaJUmtiophorua ebmgatua Schew., S.E.A. 

Blephariama laleritia var. minima (Ehrbg.) Roux, S.E.A. 
Lembua puaHkt (Quemi) Calkins. S.E.A. 

HaUeria grandindla O.F.M., S.E.A. 

Uroleptua muacidus Ehrbg., S.E.A. 

U, mobHia Englm., S.E.A., P.A. 

Qaairodyla ateinii Englm., S.E.A, 

Pleurotncha lanceolata Ehrbg., S.E.A, 

VortkeUa microstoma Ehrbg., S,E.A. 
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The list of species from peptone agar gives the impression of a greater 
number than actually occurs in any one sample, as the only flagellates 
constantly found were Cercomoms crassicauday Heteromita globosa, 
Sainouron mihroteron and Oicomonas termo; the other species occurring 
only occasionally. The same thing is found with the Rhizopoda, Hart- 
manella being the only constant species; and of the ciliates, Golpoda 
steinii was very occasional and Vroleptm mobilis very rare in peptone 
agar, though in soil extract agar ciliates were usually recorded, but never 
in large numbers. 

Distribution of the Protozoa 

As the Russian soils were of so many types it was hoped to find some 
correlation between the type of soil and the protozoan numbers or 
species present. The investigations indicate that the protozoan fauna is 
very similar in all soils. The highest numbers found in any of these soils 
is in sample 13 described as a light grey forest steppe soil; this sample 
was taken to a depth of 10 cm. and gave a total of 666,183 Protozoa per 
gram. Table V shows the numbers of flagellates, ciliates and amoebae 

Table V 


Numbers of Protozoa in Russian soils (surface samples) 


No. of 
sample 

Amoebae 

No. of 

species Flagellates 

No. of 
species 

Ciliates 

No. of 
species 

1 

59,268 

8 

Chernozem 

187,874 

10 

118 

4 

2 

7,374 

4 

64,263 

9 

253 

4 

3 

4,454 

4 

262,762 

4 

0 

0 

49 

7,363 

7 

8,130 

10 

161 

3 

10 

21,250 

Degraded chernozem 

2 8,402 

8 

175 

2 

13 

121,938 

Light grey forest steppe 
6 433,169 

8 

86 

2 

41 

1,322 

3 

Humus carbonate 
75,254 

7 

38 

1 

4 

960 

3 

Podsolized soil 

2,783 

10 

22 

2 

16 

1,901 

4 

737 

8 

15 

1 

20 

3,710 

2 

3,656 

8 

32 

2 

24 

3,625 

5 

45,017 

9 

40 

2 

29 

117 

2 

2,597 

5 

0 

0 

36 

3,620 

4 

10,010 

8 

38 

1 

52 

3,670 

4 

44,576 

10 

60 

3 

54 

5,720 

5 

32,913 

10 

117 

2 

7 

1,321 

Red 

7 

brown heavy forest clay 

2,946 12 

117 

2 

31 

2,600 

1 

Alluvial 

277,185 

9 

7 

1 
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that make up this number. Light grey forest steppe soil is derived from 
the chernozems which, when exposed to great leaching, become degraded 
chernozem and pass by a further degradation into light grey forest soil 
If the light grey forest steppe soil is classified with the chernozems, there 
is a distinct indication that higher numbers of Protozoa are found in the 
chernozem soils. Full descriptions of these soils are given by Robinson (S). 


Depth samples 

The numbers and species of Protozoa failed to show any definite 
relation with the soil depths, though, as a general rule, more species 
and numbers of individuals were found in the top layers. The duplicate 
sets on peptone and soil extract agars usually gave similar relative 
numbers, fewer developing on the peptone agar. 


Flagellata 

Flagellates are the most abundant in number and species, 25 species 
being recorded in all; some were present in every soil (see Table VI). The 
common flagellates of the 55 soils examined are Heteromita globosus 
found in 98 per cent of the soils, Cercomoms crassicauia and Oikomonas 
termo in 96 per cent, and Bodo saltans in 89 per cent. The occurrence of 
B. saltans is interesting as Sandon(9) records this as not at all common in 
soils, but it was found by him in a Mauritius soil and by Nowikoff(fi) in a 
Russian soil. Sainouron mikroteron was found in 83*6 per cent, Allantion 
tachyploon in 80 per cent. The following six species, Heteromita globosa, 
Cercomoms arassicauda, Oikomonas termo, Bodo saltans, Sainouron mikro- 
teron and Allantion tachyploon can be regarded as the commonest species 
in the soils examined. 

Table VI 


Mastigophora, Number of cmurrences in percentages in Russian soils 


Cercomoms crasskattda Alcxeieff 
0. longicaudus Stein 
Cercobodo agilis Moroff 
C. mbrans Sandoii 

Hdkesiimstix faecicola Woodcock & Lapago 
Phalansterium sditarium Sandon 
Bodo edax Klebs 
B, saltans Ehrbg. 

B. celer Klebs 
Heteromita globosa Stein 
H, ovata Duj. 

Spiromonas angusta Duj. 


96 Sainouron mikroteron Sandon 83 

29 Allantion tachyploon Sandon 80 

56 Spongomonas sp., Stein 5 

1 Tetramitus rostratus Perty 3 

61 T. spiralis Goodoy 41 

60 Oikomonas termo Ehrbg. 96 

1 0. mutabilis Kent 21 

89 Srytomonas pusiUa Stein 21 

1 Astasia proteus Yjhrhg. 1 

98 Anisonema minus Sandon 3 

1 Entosiphonsvkatum{l)u}.) Stem 32 

18 AUas diplophysa Sandon 25 


Wassilewsky (11) in her work on flagellates from Russian soils examined 
soils from 18 different localities. She records no more than four species 



460 Soil Protozoa: their Growth on Various Media 

of flagellates in any soil. One sample was from Catherinander (Kuban) 
now named Krasnodar. The three samples in this present investigation 
from that region, gave respectively ten, nine and four flagellates, while 
Wassilewsky records only Monas termo which she finds in soils of 13 
regions. This is probably Oikomonas termo. Her other commonest 
flagellate was Amphymonas ghbosa as Heteromita was not recorded; this 
is probably Heteromita ghbosa, Cercomonas crassicatida and C, hngi- 
caudus were also found. Yakimoff & Zeren(i2) did not record Heteromita 
ghbosa, Sandon(9) suggests that Prowazekia ninae-kohlyakimov, which is 
recorded as frequent, must be this species. Oikomonas termo is probably 
also recorded by them either as Monas termo or included in Oikomonas 
mutahilis^ and referred to as frequent. Cercomonas crassicanda is, how- 
ever, one of the dominant species found by Yakimoff & Zeren(i2), 

The total number of flagellates found in the tobacco soils is shown in 
Table VI, with the percentage occurrence in the soils. Considering that 
most of the soils examined were unmanured, the number of flagellates, 
both species and individuals, found in the upper layers of the soils is 
unusually high and varied. With a few exceptions the greatest number 
of flagellates are found in the upper layers of the soil. 

Ciliata 

Ciliates were not abundant in any of the soils, though 25 species 
were found; three only occurred in any abundance. As none was common 
in the peptone agar plates, these statements apply to the Ciliata recorded 
from the soil extract, soil extract agar, hay infusion and distilled water. 
The three most common species are Colpoda steinii^ C, cmullus and 
Balardiophorus ehngatas. With the exception of CinetochUum margari- 
taceumy they were all the usual soil types, such as occur more or less 
commonly in the Rothamsted soils. Table VII shows the percentage 
occurrences of the ciliates recorded. 


Table VII 

Ciliata, Number of occurrences in percerUages in Russian soils 


Halophyra sp., Ehrbg. 3 

Urotricha farcta Clap. & Lach. • 3 

Enchdys farcimen Ehrbg. 7 

Ohtuioma mntiJhna Ehrbg. 3 

Dikptua gigas Duj. 2 

Chilodon uncinatvs Ehrbg. 25 

Colpoda cucvUua O.F.M. 60 

C, ateinii Maupas 69 

C. maupaaii Enriques 3 

Pleuronema chryaalia Ehrbg. 2 

CinetochUum margaritaceum Ehrbg. 7 

Balantiopkorua dongaiua Schew. 32 


Balardiophorua minvtua Schew. 14 

Lembua puaiUa (Quenn) Calkins 20 

Blephariama sp., Perty 12 

Hdteria grandineUa O.F.M. 3 

Uroleptus muacndua Ehrbg. 12 

U, fnobilia Englm. 9 

Qastroatyla ak%nii Englm. 12 

Oonoatomum affine Stein 5 

Pleurotricha UmceokUa Ehrbg. 3 

Oxytricha pUUyaoma Ehrbg. 5 

Euplotea pat^ Ehrb^ 2 

Vorticdlamu^oatomaEhrhg. 8 
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DUeptus gigas was an unusual species only found in one sample, a 
humus carbonate soil. This has been recorded by Yakimoff & Zereni[i2) 
who call it rare, and by Losin LosinskyiT) from heavy steppe soil. 

HaUeria grandineUa is another ciliate recorded by Yakimofif & 
Zeren(i2) as rare. This was probably found by Nowikoff(6) and Losin 
Losinsky who both record HaUeria sp. 

Qlauooma sdrUillam, which was found in two soils from Krasnodar, 
has also been recorded in one soil by Yakimoff & Zeren(i2). Cinetochilum 
margaritaceum, which was found in five soils, appears to be unrecorded 
as a soil t 5 rpe. Cinetochilum was never common, being in insufficient 
numbers to be recorded in the dilution counts; it developed in soil 
extract, sterile water and hay infusion. 

Rhizopoda 

Twenty-five species of Rhizopoda were found in all, but of these 
only three were common; Rhizopoda testacea were very poorly repre- 
sented. 

Hartmanella hyalina is the typical common species found in 98 per 
cent of the soils; this amoeba is recorded by Sandon(9) as being very 
widely spread in most localities that have been investigated. 

A very small Limax amoeba, referred to by Sandon as species a and 
found by him in 13 soils, has frequently been found in the Russian soils. 
Sandon failed to isolate this form in pure culture; it is not certain if this 
is a true species or a small Limax stage in the life history of more than 
one amoeba. 

A radiosa type of amoeba occurs in many soils but, as a number of 
different species assume this form, it is impossible to identify these 
species. Amoeba diphidm, which is found in 49 per cent of the soils, is 
a characteristic soil type and has been found in a wide range of soils. 
The chief types of characteristic amoebae found in these soils were 
HartmaneUa hyalina^ Amoeba sp. a, A, diploidea and A. radiosa type. 
The total number of Rhizopoda recorded is shown in Table VIII. Two 
species only were found belonging to the Reticulosa family; these were 
Biomyxa vagans and Gephyramoeba delicatula. Both of these organisms 
were rare but, as both can easily be overlooked, they and other species 
of the same family may be more common than these records indicate, 
Nuclearia simplex was only found in 26 soils, though this is a usual soil 
type, having been found frequently by Sandon (9); it does not appear to 
have been recorded for Russian soils before. Two species of Heliozoa 
were recorded, Actinaphrys sol and Acanthocystis aculeatay the former 
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having been reported from Kussia by Yakimoff & Zeren(i2) in two 
soils. 

Testaceous Rhizopoda were not common in any of the soils. The 
three most common were Lecythium hyalim^ Euglypha tubercukUa and 
Trinema enckelys^ which are typical soil forms and have been recorded 
from various types of soil. As is seen from Table VIII, other Testaceous 
Rhizopoda were found occasionally, but this group was very poorly 
represented. This may be due to their slow development in cultures; 
these were examined at intervals during a period of 28 days, instead of 
the usual period of 14 days, in order to include the late developing 
species. 

Table VIII 

Rhizopoda, Number of occurrences in percentages in Russian soils 


Rhizopoda nuda. 

Naegleria grvheri (Schardinger) Wilson 20 

HartmaneUa hyalina (Dangeard) Alex. 98 

A moeba sp. a, Sandon 65 

A. diploidea Hartmann & Nagler 49 

A, stridta Ponard 16 

A . albida Nagler 7 

A. gkbae Dobell 6 

A . horticola Nagler 1 

A . actinopbora A\iorbach 1 

A . radiosa type Ehrbg. 40 

Biomyxa vagans Leidy 7 

Qephyram-oeba ddicatida Goodey 3 

Nudearia simplex Cienk. 36 

Aciinophrys sol Ehrbg. 10 

Acanthocystis ocvlexita Hertwig & Lesser 1 

Rhizopoda testaoea. 

Arcella vulgaris Ehrbg. 1 

Difflugia constrida (Ehrbg.) Leidy 3 

Euglypha tubercukUa Duj. 32 

Trinema euxhelys Ehrbg. (Leidy) 18 

Lecythium hyalina (Ehrbg.) Hertwig & Lesser 32 
L, mutabile (Bailey) Hopk. 3 


The protozoan population of these tobacco soils were typical species 
generally found in soils. No soils were free of Protozoa, though very 
few were found in some of the lower depth samples and in the sandy 
soils. 

Though there was an indication that higher numbers of Protozoa 
were found in the chernozem soils, no definite connexion was observed 
between either the numbers of Protozoa or the species with the types of 
soil examined. 

The numbers generally showed a decrease with increasing depth of 
soil; there were a few exceptions to this. 



Annie Dixon 


453 


Fart II. Enolish soils 

In view of the striking difference in the growth of the Protozoa on soil 
extract agar compared with that on peptone agar, four English soils 
were examined in the same manner as the Russian soils. 

The soils chosen were from the farmyard manured and unmanured 
plots of Bamfield, a very heavy clay soil with flints; and from the 
unmanured and previously farmyard manured plot from Stackyard 
Continuous Wheat Field at Woburn Experimental Station. The latter 
had been treated with farmyard manure for a period of 60 years until 
1925 and had been seven seasons without manure when the samples 
were taken. The results are shown in Table IX. 

Table IX 

Soil extract agar 

No. of 

Total no. species 

74,494 22 

19,221 13 

8,056 20 

371,032 12 


BamOeld farmyard manured 
BarnOeld unmanured 
Woburn farmyard manured 
Woburn unmanured 


Peptone agar 

A 

No. of 

Total no. species 

23,392 13 

3,369 6 

1,360 9 

1,111 6 


A further experiment was carried out to test whether the peptone 
agar could be replaced by a liquid medium, the soil used being from the 
farmyard manured plot of Barnfield, Rothamsted. The media were soil 
extract made from the plot soil, hay infusion and two peptone agars. 
In one of the two agars, steaming replaced the usual autoclaving, and the 
sterilizing was effected by steaming the agar on three successive days. 
Platings were made from the same set of dilution bottles on to each of 
the four media so that the variation in species and numbers can only be 
due to the effect of the media on the population. The cultures were 
examined after 7 and again after 14 days. 

The results of this experiment are shown in Table X; the soil extract 
and hay infusion give a greatly increased count for the amoebae and 
ciliates as was the case with the soil extract agar. A total of 30 species 
was recorded from soil extract, compared with 20 from hay infusion, 
10 from ordinary peptone agar and 15 from steamed peptone agar. 

Liquid soil extract, like soil extract agar, encourages the growth of 
many species, but of few individuals, and the scarcity of the individuals 
in the liquid media makes this more difficult to examine than agar media. 
Scraping the surface of the agar usually gives a representative sample of 
Protozoa, but, in a liquid culture, two or three loopfuls of the media 
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does not always do this as some species, particularly amoebae, may 
adhere to the bottom of the culture and some firee sw immin g oiliates 
remain on the bottom particles. 


Table X 

Total number of Protozoa 'per gram of soil in Bamfidd 
farmyard manured plot 


Soil extract Hay infusion Agar autoclaved Agar steamed 



t ^ 

Total no. 

Species 

^ A ^ 

r ^ 

' ^ 

r A 

Sample 

Total no. Spt'eies 
Flagellata 

Total no. 

Species Total no. Species 

1 

129,393 

8 

26,577 9 

41,877 

5 

— — 

2 

69,781 

9 

47,221 7 

105,493 

6 

120,967 6 

3 

317,291 

8 

242,046 8 

382,838 

4 

473,160 4 

4 

102,116 

7 

59,189 7 

Amoebae 

128,529 

7 


1 

22,387 

7 

1,081 6 

148 

2 

— — 

2 

3,942 

5 

1,036 3 

506 

2 

169 5 

3 

14,414 

3 

3,814 4 

576 

3 

1,009 4 

4 

2,614 

3 

912 3 

Ciliata 

460 

1 


1 

125 

2 

94 2 

0 

0 

— ^ 

2 

194 

6 

106 4 

16 

1 

7 1 

3 

363 

6 

573 7 

15 

1 

28 4 

4 

267 

8 

57 3 

0 

0 

— — 


The results in the ease of flagellates are not clear. Eleven species were 
found on soil extract, compared with ten on hay infusion, seven on 
ordinary peptone agar and five on steamed peptone agar. Though the 
number of flagellate species was always greater in the soil extract, in 
three samples there was a great development of the three common 
species, Cercomoms crassicauda, Heteromita globosa and CHkomonas 
termo, which raised the numbers on peptone agar, as can be seen in 
Table X. 

Peptone agar which was steamed instead of autoclaved was used with 
two samples of soil; on these it gave a greater number of amoebae and 
ciliates and fewer species of flagellates, though the actual numbers 
counted were higher than with ordinary peptone agar. The following list 
shows the species which developed on the four media, and illustrates the 
poor development of amoebae and ciliates on peptone agar. The S3rmbol8 
8 .E. represent soil extract, H.I. hay infusion, P.A. 1 peptone agar 
autoclaved, P.A. 2 peptone agar steamed. The nomenclature of the 
Protozoa is according to Sandon(9). 
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Protozoa recorded from Ba/rnfidd farmyard manured plot 
on different media 

Flaobllata* 

Ceroommaa crasakmda Alexeiff, S.E., H.L, P.A. 1, P.A. 2 
Cwot^bodo agilia Moroff, S.E. 

MaaUgamoeba Imax Moroff, S.E. 

Bodo aalkina Ehrbg., S.E., H.l. 

BelJkeaimaatw/aecic^ Woodcock & Lapage, H.l. 

BeteromUa gkSxm Stein, S«E., H.I., P.A. 1, P.A. 2 

Spiromonaa anguata Duj., S.E., H.L 

Saiwmtim mikroteron Sandon, S.E., H.I., P.A. 1, P.A. 2 

AUantion tachyploon Sandon, S.E., H.I., P.A. 1, P.A. 2 

Spongomoma ap., Stein, S.E., H.I., P.A. 1 

Tetmmitua apirdia Goodey, S.E., H.I., P.A. 1 

CHkomcmaa termo (Ehrbg.) Martin, S.E., H.I., P.A. 1, P.A. 2 

Rhizopoda kuda. 

Naegleria gruberi Schardinger (Wikon), P.A. 2 
HafinuineUa hydim (Dangeard) Alex, 8.E., H.I., P.A. 1, P.A. 2 
Amoiba diplotdea Hartmann & Nagler, S.E., P.A. 1, P.A. 2 
A. radioaa type, Ehrbg., S.E. 

Amoe&a sp. a, Sandon, S.E., H.I., P.A. 2 
Biomyxa vagana Leidy, S.E. 

Nudearia aimplex Cienk., S.E. 

AcatUhocyatia aadeata Hertwig & Leasor, S.E. 

Rhizopoda testacea. 

Difflygia globula Ehrbg., S.E. 

Euglypha tuberctdaia Duj., S.E. 

Leeythium hydinum (Ehrl^,) Hertwig & Lessor, S.E., H.L, P.A. 2 
CiLlATA. 

Spdhdium apathula O.F.M., S.E., H.I., P.A. 2 
CkUodon uncindva Ehrbg., S.E. 

Colpoda ateinii Maupas, S.E., H.I., P.A. 1, P.A. 2 
(7. cucuUua O.F.M., S.E., H.L 
Plmromma chryadia Ehrbg., S.E. 

Balaniiophoria dongatua Schew., S.E., H.L 
Haltma grandineUa O.F.M., S.E. 

Uroleptua muacdua Ehrbg., S.E., H.L, P.A. 2 
Oaatroatyla ateinii Englm., S.E., H.L, P.A. 2 
VorticeUa microatoma Ehrbg., S.E., H.L 

These experiments show that a peptone medium gives a low estimate 
of Protozoa present in the soil, this being true for all classes, flagellates, 
ciliates and amoebae. When soil extract is used in the place of peptone 
agar, the increase in the number of species and individuals is striking 
with ciliates and amoebae. Soil extract and hay infusion give a higher 
development of species than peptone agar, but are not as good for the 
development of the common types of soil flagellates. 

Table X shows that except with flagellates the numbers of Protozoa 
are highest on soil extract, which always encourages a large number of 
species of all types. 
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Conclusions 

These results of this investigation show that nutrient peptone agar 
is unsatisfactory as a medium for counting the numbers of soil Protozoa. 
Soil extract agar and liquid soil extract give a more representative 
record of all classes of Protozoa, but particularly of the amoebae and 
ciliates present in the soil. The numbers of flagellates recorded on soil 
extract are sometimes less than when peptone agar is used as a medium, 
even though more species of flagellates develop. Hay infusion, which 
was also used, gives a far greater number of species, particularly ciliates, 
than does peptone agar, but the numbers recorded are less than with soil 
extract or soil extract agar. 

Thanks are due to Mr E. Brook, Director of the State Institute for 
Tobacco Culture, Krasnodar, U.S.S.R. for his kindness in arranging for 
the collection of the soils, and to Prof. Medish for laboratory accom- 
modation in the same institute and to Mr 6. Ilyin for his unfailing help in 
translating the descriptions of the soils and for dispatching them to 
England. 
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jaiitl ac(;tic acids can be oxidised on a percolating filter 
quite as readily as, if not more rapidly than, sucrose 
I solutions of equal concentration and biochemical oxygen 
'demand. Proteolysis is chiefly an anaerobic ferment- 
ation and of little if any iinj)ortance in biological 
purification, which is essentially aerobic. It is generally 
confined to sludge digestion and plays only a minor 
part in the purification of settled effluents. The 
admission of effluents containing lactic and similar 
acids to municipal sewage plants would probably 
only cause difficulty provided the biochemical oxygen 
demand of the crude liquor was too great for the capacity 
of the filters used. The success of Levine’s preliminary 
filtration was probably due largely to the reduction of 
the biochemical oxygen demand ; in other words the 
preliminary filters reduced the load on the main sewage 
filtration j)lant. 

The use of lime for neutralising the acid apjK'-ars to be 
unnecessary since the free acid is very readily oxidised 
without the troublesome precipitation of calcium 
(jarbonate ])roduced by the oxidation of the lactate. 
The cost of liming and the handling of the increased 
weight of sludge has no compensating advantages in 
increased rate of purification and its use appears to be 
based on a confusion of sludge digestion with biological 
purification. 

Eldridge® obtained satisfactory purification on a 
gravel filter of milk wastes having a B.O.D. up to 160 
parts per 100,000 and found that stronger liquids were 
liable to clog the filter. He recommended the use of a 
storage tank with a 4-hour detention period. 

In the following pages experiments are described 
showing the limitations of direct filtration and the 
advantage of a pretreatment in a septic tank. The 
changes occurring in milk effluents during storage in a 
septic tank are set out and it is shown that the effect 
of changes of pn on proteolysis in the absence of added 
mgar are normally of little importance in a storage 
bank when septic conditions are well established. 
Subsequent treatment of the tank effluent on a percolat- 
ing filter gives very satisfactory results and it is con- 
cluded that the tank effluent after storage for 24 hours 
can be suitable for admission in limited amounts to 
municipal sewage plants. 


investigated by running four sets of filters with addition? 
of soda sufficient to raise the Pe of the mixtures contain- 
inp 1*3% of fresh milk from 7 to 8, 9, and 10 respec- 
tively. A consideration of the analysis of fresh milli 
shows that the C/N and C/PgOg ratios are adequate foi 
the nutritional requirements of micro-organisms, so 
that no additions of either nitrogen or phosphates wen 
considered necessary as was the case with sugar solu- 
tions. No special inoculation was given to the filter 
medium, which had been cleaned by agitation with 
tap-water. 

The filters were run for a period of one month and 
tests were made at intervals of several days during thi? 
period. The results of these tests are given in Table I. 



Direct treMtmeiit on a percolating filter 
The apparatus used in this experiment was the same 
battery of sectional filters previously used in experiments 
on the biological filtration of dilute sucrose solutions^ 
[see Fig. 1). The filter medium was washed gravel 
passing 1-in. mesh but retained by J-in. mesh. 

Preliminary tests of the biochemical oxygen demand 
ot milk solution showed that a 1*3% solution of fresh 
milk has about the same oxygen demand as the 0-2% 
mcrose used in the previous experiment, viz., 130 parts 
per 100,000. A 1*3% solution of fresh millr was there- 
fore used in these experiments and the rate of flow 
was 100 gals, per cu. yard per day. Since washing soda 
is used as a cleaning agent in dairies and milk factories, 
the effect of this alkali on the rate of filtration was 

1 " Exp. Sta., Bull. 28, 1930; Eng. News-Rec., 
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It will be seen that the development of the filters was 
rapid ; over 90% purification over all six sections was 
reached in 5 days with the mixtures of initial pe values 
of 7 and 8 and over 80% with mixtures of initial pH 
values of 9 and 1 0. It should be noted that the tempera- 
tures were those normal in the laboratory during summer 
months. The effect of the soda appeared to be to 
delay the growth of the biological film in the first sections, 
but it had little or no effect on the lower sections. During 
its passage through the first section the pE of the liquid 
supplied to filter D dropped from 10 to 8, probably 
owing to the production of carbon dioxide and formation 
of sodium bicarbonate. After three weeks there was a 
fall in the amount of purification achieved by the filters ; 
this appeared to be due to excessive accumulation of 
film in the first two sections (see previous paper^). 
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Filters A and B were obviously becoming choked during 
the fourth week and C and D showed signs of developing 
a similar condition. 

Table I 

'ffMtmnt of mixtures containing 1-3% of milk in perfolding 
' filters arranged in six sections. Percentage purification as 
measured by test for biochemical oxygen demard 
Period, Section A B d D 


days 

of filter 

Ph 7*0 

pH 8'0 

Ph9‘0 |)h10‘0 

5 

6 

97 

97 

88 

82 

7 

6 

96 

97 

96 

91 

JO 

1 

62 

58 

52 

47 


2 

88 

72 

64 

59 


3 

93 

89 

86 

70 


4 

95 

94 

90 

88 

14 

1 

58 

56 

56 

58 


0 

90 

92 

89 

88 


3 

96 

98 

93 

96 

21 

1 

35 

40 

43 

37 


2 

87 

90 

92 

92 


. 3 

96 

98 

97 

96 

28 

3 

86 

87 

82 

93 

At the end of the fourth week the film on 

the filkring 

medium 

was examined ; 

it consisted of a 

dense white 


mass of fungal hyphm and actinomycetes in which were 
embedded masses of fat globules. The dry matter of the 
film contained 5% of total nitrogen and extraction with 
light petroleum gave a yield of 65% of fat on the 
dry matter of the film in the top sections of filters A 
and B. This large proportion of fat probably resulted 
Irom the breaking of the emulsion of the milk and 
mechanical straining out of the fat globules during 
the passage of the liquid through the fungal mycelium. 
The ap])arent resistance of the fat to biological oxidation 
is probably due to its occurrence in dense aggregates 
not so readily available for bacterial nutrition as it 
would be were it maintained in a state of emulsion. 

The top section of one of the filters was then replaced 
by a section constructed of wooden laths arranged in 
th(' same manner as in filters previously designed and 
<‘111 ployed by Levine as mentioned above. 

The laths were fixed in the form of wooden grids 
jilaced one above the other with the direction of the 
strips of one grid at right angles to that of the strips 
in the grids immediately above and below ; the grids 
were each 6 in. square and were stacked to form a section 
10 in. in height (see Fig. 2). After a preliminary 
seeding for three days with an inoculated mixture con- 

Table II 

Treatment of mixture containing 1-3% of milk in percolating fiUer 
until a top section of wooden laths, the lower section containing 
gravel 


Period, Section Purification, 

days % 

3 1 (wooden lath) id 

2 gravel 02 

3 „ 77 

0 1 57 

2 69 

3 86 

4 1 60 

2 81 
3 95 


taining milk the filter was supplied with a mixture con- 
taining 1-3% of fresh milk at 100 gallons per cu. yard per 
day as before. 

Growth of the film through the grids was easily 
visible and in two weeks it formed a continuous vertical 
column about 2 in. in diameter through the whole of 
the wooden section. At the end of the third week the 
film occupied more than half the area of the grids. The 
results during this period are given in Table II. 

The results are similar to those previously obtained 
with gravel alone. The film in the top section was 
similar in texture and composition to the film from the 
top section of gravel. Owing to the more open arrangc- 
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nient, however, the section of wooden laths would no 
be choked so rapidly as gravel and could bo more readily 
removed and cleaned. 

Septic tank treatment 

The septic tank used in these experiments consisted 
of a rectangular glass tank of 15 litres capacity. When 
filled to a depth of 9 in. it held 12 litres of liquid and 
120 ml. of milk constituted a charge. In the first 
experiment no special inoculation was used, and the 
growth of organisms was left ejitirely to chance. The 
duration of treatment in the tank was varied and the “ 
fermentative changes occurring during these periods i 
were measured in terms of p^, biochemical oxygen 
demand in 5 days, and formol titration value for amino- 
acids. The numbers of bacteria were also counted by 
the hajomocytometer. By means of a siphon 10 litres of 
liquor could be withdrawn as desired from between 
the bottom sludge and the top scum without disturbing 
either. On recharging, the whole contents of the tank 
were thoroughly agitated. The results obtained during 
the first three months are given in Table III. ^ 
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Tablb III 


'i'emeniaHve ehanga m storage of a mixture containing 1% of milk 


I 




Formol 



Total 

B.O.D. 

titration 

Duration 


bacterial 

in 

(amino* 

No. of of 

Ph 

nos.. 

6 days, 

acids), 

charge storage, 


1 

1 

parte 

0*lif- 

days 


per 

per 

soda per 



ml. 

100,000 

100 ml. 





liquor 

1 0 

7*0 


120 


1 

7-0 

160 

75 

— 

2 

6-9 

284 

68 

nil 

3 

6*6 

220 

38 


4 

6-2 

360 

32 

trace 

5 

7*0 

600 

30 


6 

7*6 

1060 

24 


7 

7*6 

980 

16 


Same mixture in sealed stoppered bottle 


9 

6*6 

240 

40 

— 

2 1 

7*0 

220 

no 

nil 

2 

5*7 

475 

56 


3 

6*6 

260 

50 

nil 

4 

6*7 

300 

32 

trace 

6 

6-9 

380 

22 


6 

6-2 

620 

20 

0-6 

7 

6*6 

950 

18 

0-7 

3 1 

7*1 

300 

140 



2 

6*6 

350 

56 

trace 

3 

6*5 

260 

46 

0-5 

4 

5*7 

460 

40 

0-6 

6 

6*0 

670 

30 

0-8 

6 

6*3 

810 

27 

1*1 

' 7 

6*3 

950 

26 

1-6 

' 40 

7*2 

400 

6 

0-7 

: 4 1 

7*2 


162 



2 

6-7 


100 

0-5 

3 

6*6 


50 

1-3 

4 

6*8 


65 

1*9 

! 5 1 

7*2 


140 

— 

! 2 

6*6 


62 

1-6 

3 

6*6 


56 

2-3 

6 1 

7*1 

880 

136 


2 

6*6 

530 

62 


3 

6*6 

460 

64 


6 

5*9 


68 


6 

6*5 




7 1 

7*2 

1020 

132 

0*7 

3 

6*7 

400 

64 

3-5 

6 

6*9 

630 

54 

6-6 

6 

6*8 

980 

66 

6-6 

30 

7-1 

1200 

30 

1-3 


Lactic acid fermentation of the milk sugar is shown 
by the lowering of the pu on the second day. The 
maximum bacterial number per ml. was 1200 millions 
after 30 days ; the lack of growth in numbers of bacteria 
during the first 3 days was probably due to an inhibiting 
efect on the lactic acid. This effect was also apparent 
m the shse of the organisms, which became much smaller 
as acidity increased. After the fourth day of storage 
the acidity diminished in the liquor in the open tank, 
but no change occurred in liquor stored for nine days 
in a sealed bottle. Reduction in acidity was therefore 
due to aerobic fermentation. These changes in ps 
were also accompanied by a reduction in the biochemical 
oxygen demand of the separated liquor; the greatest 
effect occurred during the first day’s storage and was 
probably due to separation of fat and casein in the form 
of sludge and scum. 


The development of a proteolytic flora with successive 
charges is indicated by the gradual increase in the 
formol titration figure. This became appreciable in 
3 days’ storage after the fifth charge, when the open 
tank had been in use for seven weeks. Since there 
was no increase in B.O.D. of the liquor with this develop- 
ment of proteolysis it may be that proteolysis affected 
mainly the soluble proteins rather than the sludge 
and scum. Results of examination of sludge from the 
tank are given in Table IV. 

Table IV 

Examination of sludge from septic tank 
Period of Ether extract, % Total N Ash, 

expt. (Kieldahl),% % 

1—8 weeks Free fatty acid, 30-6 .. 1 -6 to 1-8 12 

8— 16 weeks. Combined fatty acid as soap, 1 -4 to 0*4 14 

25-70 


Total ether extract on the dry sludge varied between 
60% and 75%, most of which occurred as the calcium 
soap of the fatty acid ; the proportion of calcium soap 
increased with the age of the sludge. The percentage 
of total nitrogen was low and diminished with the 
age of the sludge. 

Conditions favouring the precipitation of casein during 
acid fermentation of mixtures containing 1% of milk in 
water were studied by determination of nitrogen in 
mixtures before and after fermentation in the open tank ; 
in some instances lactic acid was added to the mixtures. 
The results for the liquids separated from sludge and 
scum are given in Table V. 


Table V 

Nitrogen content of misetureii containing 1% of milk; ttored under different 


condihone 

1. PraiJi milk in distilled water examined Immediately 
i. „ „ „ „ after 2 days (i 7 <i 4-2) 

8- » » „ M ,, 10 „ (p;4-2) 

4 tap water „ „ 2 „ (pn 

.. „ 10 „ (pJs-S) 

e. ,. „ septic tank liquor „ „ 2 „ (pgS'S) 

7 . 


% Nitrogen 
0-0056 
0-0028 
0-0025 
0-0041 
0-004(1 

o-ooeu 


„ septic tank liquor „ 

„ water plus 1% lactic acid (p^f .3-8) after 1 day 

top layer 0-0058 

H. „ „ water plus 1% lactic acid (pjj 3-8) after 1 day: 

bottom layer 0-0059 

0. „ „ water plus lactir acid to P){ 4-6 after 2 hours .. 0-0025 

10. Milk curd Uom 5% milk separated and re-suspended in tank 

liquor alter 24 hours 0-0168 


The isoelectric point of milk casein is at about pH 
at which a fairly rapid precipitation of casein occurs. 
The effect of this on the nitrogen content of the settled 
liquids is shown in the result of treatment 9 in Table V, 
which gave a nitrogen content of only 0*0025% as 
compared with 0*0059% for the original mixture. A 
similar reduction in concentration of nitrogen was 
given in treatments 2 and 3, in which milk diluted with 
distilled water underwent lactic acid fermentation with 
a gradual fall in pu from 6 • 5 to 4 • 2. It is interesting to 
compare these results with those of treatments 4 and 5, 
in which dilutions with tap water gave a minimum 
Pe of 5*5, rising subsequently to 5*8; the nitrogen 
contents of these liquids were 0*0041% and 0*0046% 
respectively. Dilution with septic tank liquor (no. 6) 
containing soluble nitrogen equivalent to 0*001% 
showed that all the protein of the milk remained in solu- 
tion at Pe 5*8. Acidification with 1% lactic add to 
Ph 3*8, a point sufficiently below the soelectric point, 
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jjso prevented any precipitation of the milk protein 
(nos. 7 and 8). It follows these results that the 
precipitation of milk proteins in a septic tank depends 
on the development of sufficient acidity to reach a 
pg near 4*6 before the proteolytic action of the bacteria 
has converted the casein into the more soluble proteoses 
and amino-acids. Lactic and proteolytic fermentations 
are mutually antagonistic. Absence of aSration favours 
lactic fermentation, which in a mixture of low buffer 
capacity results in a rapid fall in pH to a value about 4, 
thus inhibiting the growth of the proteolytic bacteria. 
This occurred in treatment 3 using distilled water; 
casein was completely precipitated, giving a clear 
liquid which remained clear indefinitely at pH 4*2 and 
free from putrefactive odours. When Harpenden tap 
water was used, its natural buffer capacity delayed the 
reduction in pn, which did not fall below 5*5 befor(‘ 
proteolysis began, resulting in reduction of acidity, 
increased solubility of the protein, and the development 
of putrefactive odours. Using a septic tank liquor 
with a richer proteolytic flora the precipitation of 
the casein may be entirely prevented. It follows 
from this that the nature of the water used for 
dilution may determine the nitrogen content of the 
sludge formed in septic tank treatment and the nitrogen 
content of the solution to be treated by subsequent 
filtration. 

The presence of solid curd in waste waters and washings 
from milk factories would increase the nitrogen content 
of the sludge, unless alkali or soap is used in the wash 
waters, which would promote dissolution of the casein 
and its subsequent hydrolysis. 

In the experimental septic tank using tap water the 
Ph of the liquid never fell below 5*5, and the addition 
of 0*2% of hydrochloric acid was required to reduce this 
figure to 4 • 6 (Table VI). This caused a drop in bacterial 
numbers from 500 to 180 millions per ml. Addition of 
0 ' 1% of sodium carbonate maintained the pn above 7 *0 
without any significant effect on the bacterial numbers, 
but appeared to have increased their proteolytic action 
as measured by the formol titration value for amino- 
Jiitrogen. Typical figures for bacterial numbers, acidity, 
and amino-nitrogen are given in Table VI. 


Table VI 


Charackmtics of septic tank liquors from mixtures containing 1% 
of milk 


Normal 

f0-2%HCI . 
+0*l%Na,CO3 



Bacterial 

Formol 

B.O.D., 

Pa 

numbers, 

titration, 

parts 


millions 

ml. 

per 


per ml. 

0‘05jV-Boda 

100,000 

6-6 

500 

1-8 

60 

4-6 

180 

0-6 

45 

7-4 

550 

2-5 

60 


Subsequent analysis of the sludge from the alkaline 
mixture showed that it contained less than 0*4% of 
uitrogen and all the fat was present as insoluble soap. 
The effect of septic actions on waste washing waters 
from dairies will depend chiefly on the following three 
factors : (1) the concentration of dissolved bases 
originally in the wash water used ; (2) the concentration 
of alkali added during washing ; (3) the concentration 
of sugar in the effluent. 


In the effluents from factories engaged chiefly m thff 
bottling and distribution of fresh milk, the concentralibn 
of alkali may be comparatively high and there may be 
considerable proteolysis during septic action. In fac- 
tories producing sweetened condensed milk and in those 
making cheese the effluents will be rich in sugar and the 
washings from cheese vats will be poor in protein, in 
which case acid fermentation would predominate in the 
septic tank and there would be little or no proteolysis. 

Biohgml JiUratim of effluents from septic tartks 
Tank liquors obtained in the preceding experiments 
were treated at the rate of 100 gals, per cu. yard per 
day in laboratory sectional filters containing gravel 
graded J in. to I in. The results obtained during a 
period of several months are given in Table VII. 


Table VII 

Purific-ation of septic tank effluent on percolating fiUer 



B.O.D., 


Period, Effluent 

parts per 

Purification, 

weeks 

100,000 

% 

1 Tank 

62 


Section 3 

52 

16 ; 

6 

36 

42 

2 Tank 

60 

, 1,1 

Section .3 

45 

25 

M 6 

10 

83 

.3 Tank 

68 



Section 3 

44 

35 

„ 6 

10 

85 

4 Tank 

72 



Section 3 

28 

61 

.. 6 

1'4 

97 

6 Tank 

74 


Section 3 

3-0 

60 ! 

» 6 

1*5 

98 

Alkaline effluent, p^ 8-0 



16 Tank 

74 

— 

kSection 3 .... 

25 

68 

» 6 . 

I'O 

98 

17 Tank 

84 



Section 3 

31 

63 

„ 6 

1-7 

98 


Development of biological film on the filtering medium 
appeared to be somewhat slower than with untreated, 
mixtures containing 1% of fresh milk and the effluent 
was not effectively purified until the end of the fourth 
week. Analysis of the film after 20 weeks showed a 
complete absence of fat and the filter showed no signs 
of ponding. During frosty weather when the tem- 
perature of the tank fell to 4° C., the biochemical oxy^i 
demand of the liquid rose to 120 with a corresponmng 
increase in the B.O.D. of the filter effluents. At such 
times the tank liquor contained most of the lactose 
unchanged and little if any separation of solids occurred 
in the tank. Such conditions would be unlikely on the 
large scale with a tank in continuous operation. Analyses 
of the effluent showed ammonia equivalent to 3*5 parts 
of nitrogen per million and nitrate equivalent to 10*5 
parts of nitrogen after three weeks. At this period the 
loss of nitrogen during filtration reached 14 parts out 
of a total of 44 parts in the crude liquor. When the 
filter had been in operation for 3 months the production | 
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f iiitmte-nitrogen reached a jjiaximum of 56 parts per 
lillion, which is more than the nitrogen contained in the 
rude liquor ; this indicates a breakdown of the protein- 
litrogen retained in the filter during the early stages. 

Some samples of the final effluent showed a dissolved 
xygen content of 0*53 part per 100,000 and when 
icubated without dilution remained quite odourless 
)r several weeks, indicating a stable effluent. 

Discussion 

Mixtures containing 1% of fresh milk in water possess 
he organic and inorganic substances required for 
lacterial growth and in this respect are suitable for 
reatment by biological oxidation in percolating filters, 
lechanical separation of the fat, however, with its 
Dcumulation in the filter, inhibits its own oxidation 
nd causes clogging of the filter, resulting in a low rate 
f purification. This effect appears to be associated 
iiti an abnormal growth of fungi. 

By preliminary fermentation in a septic tank a 
omplete separation of the fat can be obtained. At 
lemperatures below 10° C. this fermentation may be 
delayed so that a long period is necessary for complete 
separation of the fat to occur. This accounts for 
stronger tank liquors being produced in winter than in 
summer. The amount of protein which separates out 
in this process is dependent on the changes in reaction 
(Ph) during fermentation. Lactose or a mixture 
containing 1% of milk is about 0’05% and is sufficient 
to reduce the pH to about 4*0 provided the water is free 
from bases, but the use of hard water or of soap or soda 
k the wash waters prevents the development of high 
acidities and little separation of protein then occurs. 
|lven under conditions of high acidity and complete 
teecipitation of casein, the separated liquid still contains 
&*{)025% of soluble nitrogen, whic.h is sufficient to give 
a C7N ratio with the lactose (or lactic acid 0-05%) of 8. 
Treatment of a liquid of this composition by biological 
axidation in percolating filters should be possible without 
iifficulty.^ 

In the case of milk factories using sugar, an increase 
a the sugar content of the effluents would not only give 
ise to high acidities in the tank and consequent reduction 
if the nitrogen content of the effluent, but would also 
widen the C/N ratio to a figure above 15 and render it 
unsuitable for treatment on a percolating filter. In 
such cases the addition of increased quantities of soda 
to induce proteolysis would appear to be the most 
|effective way of overcoming the difficulties. 

Summary 

Experiments are described showing that the difficulties 
W direct treatment of milk effluents on percolating filters 


are due to the accumulation of fat in the top layers of 
the filter. Preliminary treatment in a septic tank 
brings about separation of fat, and thus avoids this 
difficulty in subsequent treatment on a percolating 
filter. A rapid lactic acid fermentation also occurs, 
the effect of which depends on the buffer capacity of 
the salts in solution. With distilled water containing 
1% of milk the reaction of the liquid falls below pn 4*6 
(the isoelectric point of casein) and causes precipitation 
of casein and inhibition of proteolysis. When hard tap 
water is used the pH of the liquid may not fall below 
5-5 ; the casein then remains in solution and undergoes 
digestion by proteolysis. Such a liquid is quite suitable 
for treatment on a percolating filter at a rate of 100 
gallons per cu. yard per day and leaves behind a tank 
sludge of low nitrogen content. 

The use of alkali in the wash waters also favours 
proteolysis in the storage tank, but the addition of 
waste waters containing sugar will result in abnormally 
high acidities and may cause precipitation of casein 
even in solutions of high buffer capacity. Such tank 
effluents especially if of high biochemical oxygen demand 
have wide C/N ratio and would not be particularly 
suitable for treatment on a percolating filter without 
addition of available nitrogen and probably also of 
phosphates. 

Experiments are now in progress in the laboratory 
and on a large scale on an alternative method (suggested 
by Whitehead and O’Shaughnessy®) of overcoming the 
difficulty of ponding which occurs when waste washing 
waters containing fresh milk are treated directly on a 
percolating filter. This method requires the use of two 
filters operated in series. When some solid matter 
has accumulated in the first filter the order of use is 
reversed, so that the first filter is supplied with treated 
effluent from the second filter. This causes the solid 
matter to disintegrate and oxidise and the filter becomes 
cleared, after which it may be used again as the first 
filter when solid matter has collected in the other filter. 
The success of this method depends on whether the rate 
of clearing of the one filter proceeds at least as quickly 
as the rate of accumulation of solid matter in the other 
filter. 

The experiments described in this paper were carried 
out at Eothamsted as part of the programme of the 
Water Pollution Research Board of the Department of 
Scientific and Industrial Research and the results are 
published by permission of the Department. 

Rothamsted Experimental Station, 

Harpenden 

• Ann. Kept. Water Pollution Res. Bil., 19.35, p. 27. 
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THE BIOLOGICAL OXIDATION OF STEARIC ACID IN 
PERCOLATING FILTERS 

By S. H. JENKINS 


Fats of animal and vegetable origin are constituents 
not only of domestic sewage but also of many trade 
effluents. For example, fats are contained in the waste 
waters from dairies and milk products factories, from 
the scouring of wool, and from the canning of meat and 
other foods. It is known that fats are decomposed into 
simpler substances when sewage and trade wastes are 
treated by biological methods of purification. Few 
precise experiments seem to have been carried out, 
however, on the biological decomposition and oxidation 
of fats in the absence of other organic matter, with the 
object of obtaining information on the nature and 
extent of the decomposition and oxidation. Sewage 
normally contains salts or soaps of fatty acids. Fre- 
quently a large proportion of the fat is removed as a 
('alcium soap with the sludge settled by sedimentation, 
but some of the soap may be carried forward with the 
settled liquid to be treated by processes of biological 
oxidation. The experiments described in this paper 
aimed at providing information on the decomposition 
and biological oxidation of sodium stearate in perco- 
lating filters. 

Experimental Methods 

Three filters. A, B, and C, were employed. Each 
filter, which was 28 in. in depth and 3 in. in diameter, 
was constructed from four equal lengths of glass tube 
and was filled with small pieces of glass tubing to serve 
as the filtering medium. They were arranged as de- 
scribed in an earlier paper, ^ so that samples of effluent 
from each section could readily be collected for examina- 
tion. The experiments lasted for 204 days. For the 
first 17 days the liquids were supplied to the filters at 
a rate equivalent to 60 gallons per day per cu. yard of 
filtering medium, for the next 147 days at 100 gals, per 
day per cu. yard, and for the remaining period of the 
experiment at rates varying from 20 to 50 gals. ])er day 
per cu. yard. 

The solution supplied to filter A was made up in 
distilled water to contain sodium stearate equivalent 
to 25 parts of stearic acid per 100,000 parts, dipotassium 
hydrogen phosphate equivalent to 1*5 parts of PgOg, 
ammonium bicarbonate equivalent to 3 parts of N, and 
small amounts of sodium chloride, calcium chloride, 
magnesium sulphate, and ferric chloride. 

Filter B was fed with Harpenden sewage, which had 
been submitted to preliminary treatment and then 
supplied with a solution of sodium stearate equivalent 
to 25 parts of stearic acid per 100,000. The preliminary 
treatment was necessary as Harpenden sewage contains 
salts of calcium and has a temporary hardness of about 
28 parts per 100,000. Sodium stearate added to the 
untreated sewage, therefore, is at once precipitated as 
calcium stearate. According to the method of treat- 
luent selected after several trials, 5 litres of crude sewage 
Jenkins, Bioohem. J.» 1933, 27, 240. 


were shaken with 1 g. of dipotassium phosphate and 
the mixture was allowed to settle overnight. The 
supernatant liquor was then tested by addition of a 
small quantity of dipotassium phosphate. If a preci- 
pitate formed, more phosphate was added until no 
further precipitation occurred. Sodium stearate added 
to the sewage softened in this way did not produce a 
precipitate. In addition to removing calcium, the 
treatment with potassium phosphate reduced the quan- 
tities of suspended and organic matter in the sewage, as 
shown by the figures in Table I. The comparative 
results in this table were obtained on examination of 
crude sewage, supernatant liquid from the same sewage 
after sedimentation for 16 hours, and supernatant 

Table I 

('omposition of crude sewage, before and after setllemnt, and after 
treatment with pJtosphate 





Crude sewage 



Crude 

treated with 


Crude 

sewage 

phosphate and 


sewage 

settled for 

settled 


lehrs. 

forlGhrs. 



Supernatant liquid 

pii value 

7-8 

7-6 

7*4 


Parts per 100,000 
Oxygen consumed from 


KMnO^ in 4 lira. 
Biochemical oxygen demand 

12-8 

8'0 

6'6 

in 6 da,ys 

.14 -7 

29-5 

14'4 

Suspended solids . . 

8- 3 

1-6 

1*0 

Organic carbon 

KM 

1.1 1 

7-0 

Total nitrogen 

7-5 

7-0 

6>8 

N asfree and saline ammonia 

4-8 

4-8 

4-8 

P, total as PjOb 

2-25 

2-00 

about 24 

?, inorganic as 

0-88 

M3 

about 24 


liquid after treating the sewage with potassium phos- 
phate and allowing it to settle for 16 hours. 

Filter C was supplied with crude sewage to which 
dijiotassium phosphate equivalent to 0*75 part of P^Oj,, 
per 100,000 had been added. 

The crude liquids were made up daily and were 
placed in aspirator bottles from which the filters were 
supplied. The bottles were thoroughly cleaned once 
each week. Any solid matter formed in the bottles 
was allowed to accumulate during the week. The 
crude liquids and treated effluents from the filters were , 
examined at frequent intervals by the methods of 
analysis described in an earlier paper.* Effluents from 
filter A were also examined for concentration of stearic 
acid by the following method. A 150-ml. sample was 
acidified with hydrochloric acid, evaporated almost to 
dryness, mixed with cold water, and filtered. The 
acidified filtrate was evaporated down to a small volume 
and passed through the same filter-paper, which was 
then dried. Hot alcohol (98%) was poured on to the 
filter and the filtrate was evaporated to drpess. The 

* Jenkins, Biochem. J., 1931, 25, 147. 
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sidue was gently washed with a small volume of 
Id water ; it was then dried at 100*’ and weighed as 
tearic acid. 

Experimental Kesults 
Biochemical oxygen demand and 'percentage punjication 
Results of determinations of oxidisable matter, as 
easured by the test for biochemical demand in 5 days 
l.O.D.) are shown graphically in Rigs. 1, 2, and 3. 
hose for the crude liquid supplied to filter A varied 
onsiderably although fresh solutions of stearate in the 
aine concentration were added daily to the aspirator, 
hese variations may have been due to the inclusion 
n some of the samples tested of solid matter which 
ften separated and accumulated until the aspirator 
as cleaned at the end of each week ; or they may have 
een due to the differences in the number or species 
f organisms in the incubated samples, although the 
iluting water used in the test always contained the 
ame quantity of crude sewage— 0*5 ml. per litre— as 
an inoculum. The necessary corrections were made 
for the diluting water containing sewage. In general, 
the increases and decreases of the B.O.I). of the treated 



for B.O.D. than obtained for the effluents from niter A, 
treating sodium stearate without sewage. %!)S of 
ponding on the surface of filter B speared on the .U4th 
day and remained until the end of the experime^, but 
the final effluent was clear except on a few ocoasiont. 

Filter C, with crude sewage only, showed no signs of 
becoming clogged at any time during the experiment. 
The quantity of film which collected on the glass medium 


Mi uam 



15 20 40 60 80 100 120 140 

Days from start of pxp<*r.mcnt. 

Fio, 1 

6 days B.O.D. of crude liquid and final efiluerU, filler A 

effluents from filter A followed the variations in B.O.D. 
of the untreated solution of stearate. 

Stearate was progressively reduced in amount as the 
liquid passed through filter A but was not entirely 
removed. For example, the quantities of stearic acid 
in the crude liquid and in the effluents from sections 1, 
2, 3, and 4 on the 47th day were respectively 25, 18-7, 
9 ‘5, 3 ‘4, and 2-1 parts per 100,000. The maximum 
purification by filter A, 96% as measured by B.O.D. 
in 5 days, occurred on the 108th day. At this stage 
the average time of contact of the liquid with the filtering 
medium was about 3 hours. A few tests were made for 
B.O.D. in 20 days. These tests gave results indicating 
a lower percentage of ])urification. For example, the 
purification on the 108th day, as calculated from the 
B.O.D. in 20 days, was only 88%. 

After filter A had been in operation for 114 days it 
showed signs of becoming clogged and these signs 
increased until after 164 days white film blocked the 
perforations in the plate at the bottom of section 3. 
From the 114th to the 164th day the final effluents were 
turbid in appearance. 

The effluents from filter J5, which received treated 
sewage with added stearate, progressively improved 
during the first 64 days and thereafter gave lower figures 


15 2 ) 40 60 80 100 120 140 

Days from start of oxprr.m’nt. 

Fia. 2 

.5 days B.O.D. of crude liquid and final effluent, filter B 

in this filter was much less than in filters A and R, 
especially in the upper sections. During the last 
106 days the average B.O.D. of the effluent from filter C 
was 2*7 parts per 100,000, or only 0*8 part less than the 
figure of 3 ‘5 parts for filter B, although the crude liquid 
supplied to filter C had a B.O.D. of 21 parts, or about 
one third of the B.O.D. of 60 parts for fflter B. After 
164 days, however, filter B was so badly clogged that 
it could not treat liquid at a rate of 100 gala, per day 
per cu. yard, whereas filter C showed no signs of ponding. 



15 20 40 60 so 100 120 140 

Dayi from start of pxpprlmt^nt. 

Fig. 3 

5 days B.O.D. of crude liquid and fiml effluent, filter C 

Average results for the experiments with the three 
filters are given in Table II. 

Progress of purification in sections of the fillers 

Determinations of B.O.D. in 5 days with effluents 
from the four sections of the filters were made on 
occasions with the object of obtaining information 
on the purification effected as the liquids passed through 
the filters. The results are given in Table III. 

These figures show that in the first section of filter A 
the purification was generally much less thap (me half 
of that effected by the whole of the filter, whe^ 0 l^^ the 
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sectwM d filtwi B and C fee^nently aooounted when 0-48 part of nitrogen as nitrite was presenatm -tlie 
for more than one half of the total pnmoation achieved, effluent from filter C. Later, both nitrite and nitliite 
phosphorus requM.--A» it has been proved that a were generally formed in the effluents from filter S 
deficiency of an available form (rf phosphorus may restrict and G and very occasionally in the treated liquid from 
the oxidation of substances undergoing treatment in filter A. Some of the results of tests for nitrite and 
jj nitrate in the final effluents are given in Table IV. 

Average reeuUa for hiochmkal meygen demand in 5 days in parts On filtering media. — After 164 days, and until the 

per 100,000, and percentage purijicaiion 204th day of experiment, filters A and B were suppled 

Klter A Klter B Filter C ^ith the crude liquids at a rate of flow varying 
rs Se».ge <*bout20to60gal,.perdayperc«.yari,Mgh««t« 

solution stearate be maintained as these two filters were 

47th to 47th to 47th to partially choked. Filter C, however, which remained in 
Period 0-163rd 163rd 0-163rd 163rd 0-163rd 163rd good condition, was usually supplied until the 20^h 
entreated li uid day with crude sewage at a rate of 100 gals, per day per 

^ Ran 44 44 61 60 26 21 cu. yard. 

Treated liquid The three filters were then dismantled, and the film 

B.O.D. .... 10 7 8 3-6 4*6 2*7 was removed by washing from the filtering media in the 

Percentage pun* different sections and examined. The microscopical 

heat, on .... 78 84 87 94 87 examination of the film was made by Miss A. Dixon of 

percolating filters,® tests were made at intervals on the Rothamsted Experimental tStation, and the results 

effluents from filters A mdB\ the results showed the obtained are shown in Table V. 

presence of inorganic phosphorus, indicating that the Analysis of the film for total solids, ash, nitrogen, and - 
liquids contained sufficient phosphorus for the processes stearic acid gave the results in Table VI. The figures in i 

of biological oxidation. The amount added to the this table represent total quantities in grams in thefc 




47th to 


47th to 


47th to 

Period 0-163rd 163rd 0-163rd 163rd 0-163rd 163rd 


day 

day 

day 

day 

day 

day 

Untreated liquid 







B.O.D 

44 

44 

61 

60 

26 

21 

Treated liquid 







B.O.D 

10 

7 

8 

3-6 

4*6 

2*7 

Percentage pun* 







lication 

78 

84 

87 

94 

82 

87 


Day of oxpt. 


Table III 

B.O.D. in 5 days in parts per 100,000, of untreated liquids and effluents from sections of fitters 

31 38 47 02 

B.O.D. Purification B.O.D. I^iirification B.O.D. Purification B.O.D. Purification 


Filter^. Sodium fltearato- 


Untreated liquid 

46 


68 


U 


36 


Effluent section 1 

38 

17 

33 

43 

27 

20 

28 

22 

2 . 

— 

_ 

— 

— 

21 

38 

— 

— 

„ 3 . . 

— 

_ 

— 

__ 

n 

86 

14 

61 

» » 4 . 

irl 

54 

20 

66 

2*5 

9.3 

3*5 

91 

’ilter B. Stearate and sewage— 









Untreated liquid 

62 


76 


72 


60 


Effluent section 1 . . 

36 

44 

31 

.•)9 

42 

41 

12 

80 

» » 2 


__ 

-- 

_ 

:i2 

52 

— 

— 

„ m3. .. 

— 


— 


23 

68 

2*9 

95 

M M 4 

19 

69 

16 

81 

11 

74 

2*2 

96 

■'liter C. Sewage — 









Untreated liquid 

34 


54 


22 


37 


Effluent section 1 

22 

35 

18 

67 

12 

45 

10 

74 

M m2. 

— 

__ 


— 

7 

68 

— 

— 

„ „ 3 

— 

_ 

— 

— 

3-5 

84 

6*6 

85 

M M 4 , 

7 

79 

9 

83 

5*5 

75 

5*7 

86 


solution of sodium stearate supplied to filter A was 
I ‘5 parts PgOg per 100,000 in the form of dipotassium 
phosphate. 

Compounds of nitrogen in the effluents. —The final 
<'ffluents in the three filters always contained less 
ammoniacal nitrogen than in the untreated liquids. 
For example, on the 47th day the concentrations of 
aiTimoniacal nitrogen in the crude liquids and treated 
effluents, respectively, were: filter A, 3 '33 and 1*75 
parts per 100,000; filter B, 5*0 and 1-76; filter C, 
8-0 and 3* 1. The differences varied from time to time. 
The average amounts of ammoniacal nitrogen removed 
from the liquids treated over the whole period of the 
experiments were about 1 part per 100,(X)0 for filter A 
from 3 to 4 parts for fflters B and C. 

Oxidised nitrogen as nitrite or nitrate was not found in 
any of the treated effluents until about the 47th day, 

’ JenkiM, Bioobem. X, 1936, 29, 116. 


whole of the film removed from the sections to which the , 
figures refer. ^ 

Approximately one half of the dry solid matter of the’ 
film in sections 1 and 2 of filter A, and about one seventh 
in sections 1 and 2 of filter B, consisted of stearic acid. 
The film in these sections was almost insoluble in hot 
water but was readily soluble in hot dilute alkali, from 
which it could be precipitated on acidification with 

Table IV 


N itrite and nitrate i n treated effluents. Expressed as parts of n itrogen 
per 100,000 


Day of 

Filter 

.4 

Filter B 

Filter C 

oxpt. 

Nitrite Nitrate 

Nitrite 

Nitrate 

Nitrite 

Nitrate 

64 

0 

0 

0*16 

0*71 

1*14 

312 

78 

0 

0 

0 

3*20 

0*36 

3*04 

92 

0*10 

0 

0*12 

0*70 

1*00 

1*00 

108 

0*08 

0 

014 

1*09 

0*24 

1*47 

121 

0 

0 

0-07 

0 

0*80 

0 

136 

0 

0*32 

0*32 

2*44 

0*40 

4*14 

141 

0 

0 

0*44 

1*56 

0*80 

9*20 
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ijdrocliloTic acid. It thus appears that the stearic acid 
ps present as such, and not as sodium stearate. 

Summary and Conclusions 
_ (1) Three percolating filters, i, B, and C, were supplied 
lor several months at a rate of 100 gallons per day per 
lu. yard of filtering medium with the following liquids : 
[ Filter A.— A solution of sodium stearate containing 
[he equivalent of 25 parts of stearic acid per lOOjOOO 


(5) The film on the media in the three filters showed' 
characteristic difierences. In the upper half of filter A 
the medium was covered with thick white solid of which 
approximately one half was stearic acid. The film in the 
upper half of filter B was similar to that in filter A, but 
only about one seventh consisted of stearic acid. Iq 
filter C the film was a thin brown slime with a flora 
typical of sewage filters. 

(6) It may be concluded that sodium stearate can be' 


Table V 

Appearance and results of microscopical emmination of film 


[ Section 

I 


Filter A 

Thick film, white and curdy, with large 
pink patches ; fungal hyphflB, clumps 
of bacteria, wild yeasts {Toruh, sp.), 
Colpoda, Heteromita. 

Thick white film as in section 1. More 
pink growths than in section 1 . 

Less film than in section 2, Mostly pale 
bro^Fn. 

IjCss than in section 3. Same appearance. 


Filter B 

Thick pale brown film 
with green patches : 
slimy. Bacteria, 
yeasts, and algso. 

Brown film, less than 
in section 1 . 

Very little film ; brown. 

As section 3. 


Filter C 

Uniformly brown film, thinly spread 
over media. Rotifers, Chitodm, 
nematodes, small Amoebce, flagel- 
lates, typical sewage growths. 

As section 1, but less in amount. 

As section 2, but less in amount. 

As section 3, but loss in amount. 


Rsidcs available nitrogen, phosphorus, potassium, and 
other essential inorganic salts. 

Filter 5.~The same amount of stearate as A added to 
sewage from which calcium salts had been removed. 

Filter 0.— Sewage containing added nitrogen, phos- 
phorus, and potassium salts. 

(2) The filters took about 6 weeks to mature and after 


oxidised in pcircolating filters, if available nitrogen. 
])ho8phorus, and potassium are present. The oxidation 
of the stearate occurs more readily in the presence of 
sewage. With the concentration of stearate used in 
these experiments the filters may become choked, but 
this concentration is much greater than likely to be 
found in any sewage. 


Table VI 

Total solids, 7i,itrogen, and stearic acid in sections : grams 


Filter A 


Section 

'rlltai 

Lost on 

1 

7-31 

ignition 

fl-90 

2 

6-16 

6-64 

3 

2-11 

1-80 

4 

0-82 

0-81 

Total . 

16-40 

16-15 

1 


0-211 

2 


0-164 

1 ^ 


0-136 

4 


0-041 

[ Total . . 


0-662 

1 


3-91 

2 


2-50 

1 + 2 


6-41 


Q’otal sohds 

Filler B 


Ash 

Total 

Lost on 
ignition 

0-41 

8-57 

6-67 

0-.52 

2-28 

1-69 

0-31 

2-06 

1-64 

0-01 

1-32 

M8 

i-2.> 

14-23 

08 


Total nitrogen 

o-.wa 

0 156 
0-128 
0-086 
0-873 

Stearic- acid 

0- 35 

1 - 20 
1-.55 


Filter C 


Ash 

Total 

Lost on 

Ash 

• 

2-00 

1-22 

ignition 
0-61 ■ 

0-61 

0-59 

1-29 

0-64 

0-65 

0-42 

0-94 

0-44 

0-60 

0-14 

0-60 

0-22 

0-38 

3-15 

4-05 

1-91 

2-14 


0-046 

0-050 

0-039 

0-022 

0-167 


that gave the following average results over a period of 
■ 15 weeks : 

Filter A Filter B Filter C 

Crude liquid, B.O.I). })arts per 
100,000 .... 44 60 21 

Final effluent, B.O.D. parts per 
100,000 .... 7 3‘6 2-7 

The eflEluent from filter B was thus almost as good as 
that from filter C. 

, (3) Filters A and B showed signs of becoming clogged 

: after 16 Or 17 weeks whereas filter C remained in a 
satisfactory condition. 

(4) Nitrite and nitrate rarely appeared in the effluents 
from filter A, but after a few weeks the effluents from 
filters B and C regularly contained nitrite and nitrate. 
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LXXIV. THE OXIDATION OF AMINO-ACIDS 
BY HYPOCHLORITE. 

I. GLYCINE. 

By MARIAN FOOTE NORMAN. 
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Harpenden, Herts. 



{Received Janmry 1st, 1936,) 

From the work of Langheld [1909] with hypochlorite and of Dakin [1916] with 
chloramine-T it is known that active chlorine may produce from an amino-acid 
either the aldehyde or cyanide with one less carbon atom together with carbon 
dioxide and (in the first instance) ammonia. Chlorination of the amino-group 
has been supposed to constitute the first stage of the reaction. Wright [1926] 
considered the nature of the reaction to depend on the relative proportions of 
active chlorine and amino-acid present; with excess of chlorine it was regarded 
as oxidation and with excess of amino-acid as chlorination. 

In the work to be presented, the optimum conditions for the complete 
oxidation of glycine by hypochlorite have been determined and the course of 
the reaction studied quantitatively. The investigation arose out of an attempt 
to use a “chlorine demand” figure for the evaluation of sewage and certain 
trade wastes. 

Experimental. 

The reaction between glycine and chlorine was followed iodimetrically. The 
source of chlorine was the commercial hypochlorite solution of Messrs Laporte 
Ltd. (Luton), a typical analysis of which showed: 

0 / 

0 

Available chlorine > IS-O 

Sodium chloride 134 

Sodium hydroxide 0-77 

Sodium carbonate 0-74 

In all experiments, controls consisting of the hypochlorite solutions without 
glycine were run concurrently. All experiments were carried out at room 
temperature unless otherwise stated. 

(a) Amount of chlorine used. 

Six series of bottles, each series containing 14 mg. of available chlorine and 
different amounts of glycine ranging from 1 to 30 mg. in 100 ml. of water, were 
allowed to stand i, 1, 2, 3, 4 and 5 hours and the residual Cl titrated. The results 
for the 2, 3, 4 and 5 hour series were practically identical, indicating that the 
reaction under these conditions is complete within 2 hours. In Fig, 1 the per- 
centage of available Cl remaining is plotted against mg. of glycine present for 
the 1 and 2 hour series. The curves are generally similar to those given by 
Wright [1926], who interpreted the downward portion of the curve as oxidation 
and the upward portion as mainly chlorination. As an alternative view it seemed 
possible that glycine in the upward part of the curve was reacting only very 
slowly. 
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Several series of oxidations were then run at various levels of glycine. The 
time allowed was, in every case, 2 hours. The mg. Cl added were plotted against 
mg. Cl used and a curve obtained for each level of glycine as given in Fig. 2. 
For 2 mg. of glycine it is seen that when 10 mg. of Cl are added, the curve 



Fig. 1. Percentage of Cl used by glycine in various amounts, 
14 mg. chlorine; glycine varied. 



Fig. 2. Quantitative uptake of Cl by glycine. 


levels off, indicating that 2 mg. of glycine react quantitatively with 8-55 mg. of 
Cl. In other words, the presence initially of at least 5 times as much Cl as glycine 
is necessary before the glycine will use a constant amount of chlorine. Examina- 
tion of the other curves confirms this, and from them it was ascertained that 
1 mg. of glycine uses 4-26 mg. of Cl. 

If, for all the values obtained thus far in both experiments (exclusive of the 
I and 1 hour series in Fig. 1 which cannot be considered to have come to com- 
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pletion), the ratio of Cl initially added to glycine be plotted against the per- 
centage of Cl used, a general curve for the reaction is obtained and shown as the 
continuous line in Fig. 3. 

mg. Cl initially present (dotted line) 



Fig. 3. Effect of Cl concentration. 


Table I. Determination of chlorides, 

A. Variation of Cl with 5 ing. of glycine. 


Chloridc-CI 


Initial 

Ratio of 

^ 

A. 


One half 

available 

initial 

At 

After 


available 

Cl 

Cl to 

start 

2 hours 

Increase 

Cl used 

mg. 

glycine 

mg. 

mg. 

mg. 

»ig- 

14-2 Contr. 

— 

9-25 

9-25 



14*2 Contr. 

— 

9-25 

9-25 





14-2 

2-84 

9*25 

15-9 

6-6 

6-65 

19-9 

3-98 

12-96 

21 9 

8-95 

9-4 

227 

4-54 

14-8 

24-7 

9-9 

10-1 

25-r) 

61 

16-65 

26*9 

10-26 

10-3 

28-4 

5-68 

18-5 

28-9 

10-4 

10-66 

34- 1 

6-82 

222 

32-8 

10-6 

10-6 

39*7 

7-94 

25-9 

36-6 

10-7 

1076 


B. Variation of glycine with 14 mg. Cl. 



Ratio of 


Chloride-Cl 

One half 


initial 

1 — 

^ 


available 

Glycine 

Cl to 

After 2 hours 

Increase 

Cl used 

mg. 

glycine 


mg. 

mg 

mg. 

Contr. 

— 


9-0 




Contr. 

— 


9-0 





1 

140 


11-2 

2-2 

2-16 

3 

4-66 


15-0 

6-0 

6-16 

4 

3-5 


15-4 

6-4 

6-75 

o 

2-8 


15-6 

6-6 

6-75 

7 

20 


1.5-3 

6-3 

6-65 

8 

175 


14-2 

5-2 

6-15 

9 

1-65 


13-6 

4-6 

5-6 


C=: 

Control containing no glycine. 
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(b) Determination of chlorides. 

The hypochlorite solution employed contained alkali in the form of sodium 
hydroxide and sodium carbonate, together with a considerable amount of 
chloride. When the available Cl is determined by titration in the usual way, not 
only the CJ actually present in the NaOCl is titrated, but also an equivalent 
amount of Cl liberated from the chloride, the available* Cl })eing twice the 
amount of Cl actually present as hypochlorite. If the reaction of Cl with glycine 
is considered ultimately to be one of oxidation, then for every two hypoclilorite 
Cl atoms or for every four atoms of available Cl two rnols. of chloride* are formed. 
In other words, the increase of chloride should be equal to one-half the amount 
of available Cl used. To test this point, two series of experiments were made in 
duplicate — one keeping the glycine constant and varying the C'l, tlu* other 
keeping the Cl constant and varying the glycine. After 2 hours one botth* was 
titrated for available (d and the other for (ddoride. In all cases in which, by 
reason of the relative proportions of Cl and glycine present, the oxidation was 
complete (figures in bold type), the increa.se in chloride* agreed well with one 
half the available Cl used (Table I). When oxidation was incom])lete, (ihloride 
production lagged behind Cl utilisation. 

(c) Factors affecting the rate of reaction. 

Physical. Three bottles containing 4 mg. of glycine per 1(K) ml. and approxi- 
mately 20 mg. per 100 ml. of available (’1 and three controls of hypochlorite alone 
were set up. One sample and onei control were left at 15-17 , one set was placed 
in a dark cupboard at the same temperature and the oth(‘r set in an meubator 
at 30°. 100 ml. were withdrawn from each bottk*. at various time intervals and 
titrated for available (3. All three controls showed no loss of available Cl 
(Table II). 

Table II. Effect of heat and light (m chlorine utilisation. 



Incubator, 

Hoorn temp. 

Room temp. 

Time 

darkness 

daylight 

darkness 

hours 

mg. 01 used 

rag. used 

rag. Cl used 

0-25 

0-6 

— 

0-7 

O-o 

2-4 

1-9 

2'2 

0*75 

.5*2 

— 

4*4 

10 

11-6 

6- 65 

7 15 

J-25 

160 

— 

lS-6 

If) 

16-9o 

15-6 

14-8 

1-75 

17-2 

— 

1.5 7 

2-0 

17*2 

165 

16-4 

40 

__ 

17-() 

17-0 


Table III.* Effect of 600 candle’jtower light on Cl utilisation. 

Time 

.5(M) e.p. light 

No light 

hours 

mg. Cl used 

mg. (H used 

0-5 

8-55 

7-6;) 

()-75 

12-75 

11-8 

10 

14-5 

1IV9 

1-25 

16-8 

15-8 

1-5 

16-5 

16'4 

1-75 

16-9 

16-9 

2-25 

17-2 

171 


* The hypochlorite used in this experiment was from a fresh souree, so that the figures are 
not directly comparable with those of Table II because of alkalinity conditions, which w ill be 
discussed later. 
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The effect of a 500 c.p. light at a distance of 1 ft. on Cl utilisation was tried. 
The bottle subjected to the light and its control were placed in a glass water- 
bath in order to eliminate the effect of heat. Another set for comparison was 
placed in a water-bath of the same temperature but not exposed to the light 
(Table III). 

Chemical. Reaction with hypochlorom acid. The effect of employing free hypo- 
chlorous acid instead of sodium hypochlorite was tested. The acid was prepared by 
passing Clg into a suspension of mercuric oxide and then distilling under reduced 
pressure. 2 mg. of glycine as the Na salt per 100 ml. water were used. It was 
found necessary to let the bottles stand longer than the usual 2 hours for com- 
pletion (Table IV). 

Table IV. Ammint of Cl as HOCl used by 2 mg. glycine. 


Chlorine used 


VJl 

added 

2 hours 

5 hours 

1 day 

2 days 

3 days 

4 days 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

3 

21 

2-3 

2-35 

2-35 

2-5 

2*45 

6 

3-6 

4-75 

6-45 

5*6 

5*7 

5*6 

9 

4*0 

.5-0 

6*65 

7-4 

7-6 

7*6 

15 

3-9 

50 

705 

8-25 

91 

905 

21 

3*65 

4*9 

714 

8*4 

905 

915 


The reaction proceeded very slowly so that 3 days were required. Slightly 
more Cl (9*05 mg.) was used up by 2 mg. of glycine than was found with sodium 
hypochlorite (8*55 mg.). The HOCl solution is, of course, acid and completely 
masks the effect of the small amount of alkali (0*0266 m.rnol. per 100 ml.) used to 
convert glycine into its sodium salt. 

Reaction with chlorine ivater. A similar experiment was carried out with 
chlorine water. The controls tended to lose Cl at rather varying rates, so at each 
time interval three control determinations were made and the loss of available 
chlorine computed from an average of the three (Table V). 

Table V. Amount of Cl used up from Cl water by 2 mg. glycine. 


Chlorine* used 


Initial 

Cl 

2 hours 

5 hours 

1 day 

2 days 

" -> 

3 days 

mg. 

mg. 

rag. 

mg. 

mg". 

mg. 

55 

2-3 

3-9 





10-95 

3-05 

4-4 

— 

— 


16-4 

2-9 

4-4 

7-1 

82 

8-6 

21-9 

3-2 

4-6 

7-3 

8-6 

8-5 

27-4 

3-1 

5-2 

8-1 

8-8 

8-6 


The reaction with chlorine water proceeded slightly faster than with HOCl, 
the amount of Cl used (8*6 mg. per 2 mg. glycine) agreeing closely with that from 
sodium hypochlorite. 

Effect of acid and alkali on the rate of reaction. The hypochlorite solution 
employed contained 0*88 % sodium hydroxide and 0*76 % carbonate, exactly 
10 ml. of the strong solution being diluted to 500 ml. as the source of chlorine 
for the following experiments. Large bottles were set up containing 4 mg. of 
glycine and 10 ml. of the dilute NaOCI solution (containing 20 mg. available Cl) 
per 100 ml. The acidity of the glycine (4 mg. =0*0532 m.mol. of acid) and the 
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alkalinity of the hypochlorite ( 10 ml . dilute solution = 0-0727 m .mol. of alkali) were 
taken into consideration and various amounts of H 2 SO 4 or NaOH were added so 
that a range from 25 m.mol. of alkali to 1 m.mol. of acid per 100 ml. of reaction 
mixture was covered. A large number of controls containing similar additions of 
acid and alkali were run simultaneously, since in stronger concentrations of acid 
and alkali the available Cl decreases slowly on long standing. 100 ml. were with- 
drawn and titrated at various time intervals, the results being given in Figs. 4 and 5 . 
In those cases in which oxidation was complete (P'ig. 4) 1 7 mg. of available Cl were 



utilised by 4 mg. of glycine. As the alkali concentration increased, the rate of Cl 
utilisation decreased. On the acid side the 0-01-0-05 m.mol. reaction mixtures 
all used Cl at about the same rate, which was slightly faster than in the neutraF 
experiment. After the first hour the 0-1 m.mol. acid sample proceeded at a 
somewhat slower rate than the neutral one, and the 0-2 m.mol. sample was still 
slower, not having come to completion in 8 hours. A similar result was obtained 
with the 0-075 and 0*1 m.mol. alkaline reaction mixtures. 

The curves in Fig. 5 represent concentrations of acid and rlkali> 0 'l m.mol. 
per 100 ml. On the acid side, an increase in acid concentration again retarded 
the rate of reaction. The alkaline side is more complicated for, in contrast with 
the results in Fig. 4 , the greater the amount of alkali the more Cl is used. It 
seems that small additions of alkali retard the reaction up to a certain point, 
after which further additions slowly increase the rate of reaction. A few more 
2-hour determinations of the amount of available Cl used up were made around 
what seemed to be the critical point of 0-25 m.mol. of alkali per 100 ml. These, 
together with those already obtained, are given in Table VI. 

This confirmed the fact that the point of reversal due to the effect of alkali 
was at 0-25 m.mol. of alkali. The slow reactions shown in Fig. 5 were followed 
for 20 days, but loss of Cl in the controls made interpretation difficult. In general 
it can be said that the rate of reaction was ver}'^ slow after a few days in these 
comparatively strongly alkaline and acid mixtures. 

^ 10 ml. dilute NaOCl contain 0-0727 m.mol. alkali. 4 mg. glycine contains 0-0532 m.mol. 
acid. 0-0196 m.mol. acid waa accordingly added per 100 ml. to neutralise the excess of alkali. 
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Table VI. Additions of alkali to a mixture of chlorine and glycine, 
(yl coneeiitration -23 mg. per 100 ml. Glycine concentration = 4 mg. per 100 ml. 


m.mol. alkali 

mg. Cl used 

present per 100 ml. 

2 hours 



17-05 

0-0.5 

16-85 

0-075 

10-7 

0-1 

0-0 

0-14 

5-7 

0-19 

5-0 

0-22 

5-5 

025 

5 15 

0-27 

5-2 

0-30 

5-5 

0-4 

5-6 

0-5 

6-1 

0-7 

6-8 

1-0 

7-6 



Time in hours 


Fig. 5. Effect of acidity oi alkalinity on rate of reactum. 4 rag. glycine present per 100 ml. 



m.mol. alkali per 100 ml. m.mol. acid per 100 ml. 


Mg. 6. General variation in rate of reaction. 


mg. Cl. used 
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The general variation in the rate due to the acid or alkali content is, 
perhaps, best shown in Fig. 6, where the time and the acid or alkali content are 
plotted on a logarithmic scale. The curves represent 70 and 85 % completion of 
the reaction, figures which have been arbitrarily chosen. Within the limits of 
0-1 m.mol. acid and 0*1 m.mol. alkali per 100 ml. the reaction is rapid, outside 
these limits, slow, with a reversal on the alkaline side. A curve of a somewhat 
similar nature was given by Clibbens and Ridge fl927J for the hypochlorite 
oxidation of cotton. 

As a result of these experiments which have shown that very small additions 
of acid or alkali may greatly affect the rate at which Cl is used by glycine, some 
former results may be better interpreted. The 2-hour curv(‘ in Fig. 1 is very 
similar to that given by Wright [1926] for 5 hours. Wright stated that he used 
an alkaline solution of glycine which no doubt retardc'd the reaction. Similarly 
the oxidation of glycine by chlorine water and by HOCl was slow, owing to the 
acidity of these solutions. 


Hydrogen ion concentration. 

The changes in pn during the course of the reaction were followed by imuins 
of a glass electrode. Three samples, each containing 4 mg. of glycine and 10 ml. 
of dilute sodium hypochlorite solution (23*0 mg. Cl) per 100 ml. were set up. 
One received alkali to make the final concentration 0168 m.mol. alkali per 
100 ml., one received no addition of acid or alkali but had present 0*02 m.mol. 
of alkali per 100 ml. due to the alkali present in the hypochlorite solution, and 
the third received acid to make the final concentration O-l m.mol. a(;id per 
100 ml. Thf! chang(‘s in pjj and the Cl used wer(‘ determiru'd at various time 



Fig. 7. Effect of Pu on Cl utilisation. Figures in bold typo are 
Pn readings by glass electrode. 

intervals. The data presented in Fig. 7 bring out the cdiange in the rate of Cl 
utilisation due to differences in . The proc(*ss of oxidation of glycine produces 
a fall in pjj , the Cl uptake being most rapid between 7-0 and 9 0. Reactions 
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which were proceeding slowly owing to a high initial Pu were greatly accelerated 
by suitable adjustment to neutrality (as calculated). Examples are given in 
Fig. 8, the dotted lines indicating the rate of the reaction if unadjusted. 




Fig. 8. Effect of adjustment of pn on rate of oxidation (4 mg. glycine). 



Fig. 9. Utilisation of Cl in buffered solutions. 

All observations show that, while the reaction may take place partially and 
slowly when the pjj is high, for complete oxidation approximate neutrality is 
required ; retardation is also evident on the acid side In order to determine the 
effect of stabilisation at a given pg within the optimum range, solutions were 
buffered with Clark’s [1928] phosphate and borate buffers to approximately 
Pjj 7*0, 8-0 and 9*0, and titrated every 10 min. The solutions buffered at pg 7-0 
and 8 0 were very similar and are represented by the upper curve in Fig. 9. In 
the solution buffered at 9*0, while the initial rate of utilisation during the first 
half hour somewhat approximated to those in the other solutions, the rate 
subsequently decreased considerably so that 3 hours were required for complete 
oxidation of the glycine as compared with 1 hour for the other two. 
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The rotde of oxidation. 

It has been experimentally determined above that 4-26 mg. of available Cl 
are utilised in completely oxidising 1 mg. of glycine (8-98 g.-atoms of available Cl 
per g.-mol. of glycine). Simple chlorination alone could account for but 4 atoms 
of available Cl. Dakin [1916] stated that the mono- and di-chloroamino-acids 
decompose spontaneously to give either the aldehyde and ammonia, or the 
nitrile respectively, COg being liberated in both cases. In the case of glycine, 
'HCHO or HCN would be formed by such decomposition, and using chloramine-T 
Dakin reported that he obtained traces of HCN from glycine. The uptake of 
6 atoms of Cl by glycine remains unaccounted for, and it is evident that there must 
be a further utilisation of Cl by these initial fission products. Determinations of 
the amount of Cl used by ammonia, HCHO and HCN were therefore made. 

(1) Formaldehyde. 2 mg. of formaldehyde were allowed to react with various 
amounts of sodium hypochlorite solution for 1 hour, 2 hours and 1 day, but in 
no case was there any loss of available Cl. This excludes the possibility of the 
formation of formaldehyde as an intermediate product. 

(2) Cyanide. Solutions containing 1 and 2 mg. of KCN were allowed to 
react with various amounts of Cl as hypochlorite. The reaction was incomplete 
in 2 hours, but complete within 24 hours. The titration figures for nine samples 
varied from 2-8 to 3-15 mg. of Cl used per mg. of KCN present, with an average 
of 3-0 equiv. to 5-5 atoms of Cl per g.-mol. of cyanide. This is slightly in excess^ 
of the theoretical figure of 5 atoms obtained from the following equation : 

2HCN+50 ->2C02+N+H20. 

The reaction, however, is believed to be one initially of hydrolysis to formic 
acid and ammonia with the subsequent oxidation of these products. 

HCN-f2H20 -^H.COOH+NHg. 

(3) Formic acid. Preliminary experiments showed that H . COOH did utilise 
Cl at a slow rate. 5 mg, H.COOH and 11-2 mg. of available Cl (as sodium hypo- 
chlorite) per 100 ml. were allowed to react at room temperature. The amount of 
Cl used is given in Table VII. 

Table VII. Utilisation of chlorine by 5 mg. of formic acid. 

Time (days) mg. Cl used 

1 3-0 

2 7-2 

3 7-55 

4 7-7 

6 7-7 

The uptake of 7'7 mg. Cl per 5 mg. of formic acid is equivalent to 2 atoms of 
Cl per mol. of acid. Evidently the formic acid is oxidised to carbon dioxide and 
water. 

(4) Amrmmia. 1 mg. of NHg was allowed to react with a large excess of Cl 
(30 mg.) for 2, 3 and 4 hours and 1 and 2 days. Oxidation is rapid and complete 
in 2 hours. The amount of Cl used is given in Table VIII. 

The amount of Cl, 6-75 mg., used by 1 mg. of NHg is equivalent to 3*2 atoms 
of Cl for each mol. of ammonia, which agrees fairly well with the theoretical 
calculation for complete oxidation to nitrogen and water. 

^ The additional utilisation over and above the theoretical value is boheved to be due to the 
formation of a small amount of nitrite, positive tests for which were obtained in certain cases. 
This point is being further examined. 
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Table VIII. Utiliaatim of chlorine by 1 rn^. of ammonia. 


Time 

mg. Cl ui 

2 hours 

6-85 

3 

675 

3 

6*75 

4 

6-76 

1 day 

6*6 

2 days 

6-65 

2 „ 

6-85 

Average 6-75 


Thus of the possible intermediate products tested, cyanide, formic acid and 
ammonia have been shown to react with hypochlorite. The cyanide, most prob- 
ably through the intermediate formation of formic acid and ammonia, accounts 
for the utilisation of 2 + 3 atoms of Cl. This, together with the 4 atoms of Cl 
required for the initial reaction with glycine, is in agreement with the uptake 
(by 1 g.-mol. of glycine) of 9 atoms of Cl as experimentally determined. 

Carbon dioxide production. 

During the reaction, there would be formed therefore, 2 mol. of CO 2 for each 
mol. of glycine oxidised, if the above theory of oxidation is true. Solutions 
containing 10 mg. of glycine, 25 ml. of phosphate buffer 7-0 and 50 mg. of 
Cl, added as chlorine water, per 100 ml. of reaction mixture, wore kept until the 
reaction was complete. Chlorine water was used instead of hypochlorite because 
the latter contained carbonate. After the reaction was complete the CO 2 was 
aerated off, absorbed in alkali and determined by back -titration. Three deter- 
minations gave 11 '3, 1 1*6 and 11*5 rag. of COg. 10 mg. of glycine would give a 
theoretkjal figure of 11*7 mg. of COg. 

The nature of the initial rexiction. 

There seems to be no clear evidence as to the nature of the initial reaction 
between an amino -acid and hypochlorite in excess. Two possibilities exist; either 
the amino-acid may be chlorinated to give, in the case of glycine, dichloroamino- 
acetic acid, or the acid may be directly oxidised to form the cyanide, with the 
liberation of COg and water. Ammonia when treated with hypochlorite does 
yield chloroamine if the ammonia be present in excess [Chapin, 1929; 1931J, an 
observation which indicates that even under such alkaline conditions hypo- 
chlorite may act as a chlorinating agent. Langheld [1909] and Wright [1926] 
stated that chlorination of the amino-group was the first stage in the action of 
hypochlorite on an amino-acid or protein in any proportion, and claimed that 
under certain conditions the dichloro-derivative of a monoamino -acid could be 
formed by simple mixture of the appropriate quantities of hypochlorite and 
acid. Since such chloroamino-derivatives are capable of liberating iodine from 
KI, no apparent loss of chlorine should be observed. 

Repetition of Wright’s experiment on this point, together with a similar 
experiment adjusted to neutrality, failed however to confirm his view (Table IX). 
A slow utilisation of chlorine was observed in the unaltered sample^ and a 
more rapid one in the neutralised sample. Controls made at the same time 
showed a loss of only 0*2 mg. Cl in 3 days and 0*4 mg. in 10 days. These results 
may bo more reasonably explained on the basis of a slow oxidation rather than 
as the breakdown of an unstable dichloro-compound, which would be expected 
to be more stable in the neutralised exptiriment than in the untreated experiment. 

^ Unaltered sample contained 0*17 m.mol. acid. 
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Table IX. Utilisation of 14 3 mg. Cl by 15 mg. glycine. 

mg. of available Cl used 


Time 

Unaltered 

Neutralised 

2 hours 

10 

1-8 

5 „ 

1-2 

3-5 

17 ,, 

1-8 

5-35 

1 day 

21 

6‘] 

3 days 

3-7 

8-3 

6 „ 

615 

10-45 

10 „ 

90 

11-8 


Some other evidence may be cited for the view that ordinary hypochlorite 
solution does not act as a chlorinating reagent. Cross et al. \ 1908] noted that 
gelatin treated with chlorine formed a chloro-derivativc which may be washed, 
and subsequently titrated iodimetrically. However, gelatin immers(*d in hypo- 
chlorite retains very httle titratable chlorine. Three amounts of 0-2 g. gelatin 
were allowed to stand with 60 mg. Cl as hy|x)ehlorite in 45 ml. water. To one 
experiment were added 5 ml. N acetic aei(l and to another 5 ml. YNaOH, the 
third receiving only 5 ml. water. After I hour the liquid was drained off through 
fine cloth and the gelatin extensively washed till the washings gave no test for 
chlorine. This took several hours. The gelatin was then suspend(‘d in dilute 
acidified KI and the iodine liberated titrated in the usual way. The acid sample 
had retained 16*5 mg. (.1, the alkaline sample 1*4 mg. and the sample; with 
hypochlorite alone 2*5 mg. Calculated on the nitrogen content of the; gelatin 
(17 %) these re^sults correspond to the chlorination of one NH group out of every 
five in the acid sample, one out of every 66 in the alkaline sample and one out of 
37 in the unaltered sample. Chlorination is thus shown to be relatively small, 
except under acid conditions in which free chlorine would be present. 

Indirect evidence against chlorination by hypochlorite is provided by the 
behaviour of lignified plant tissues after exj)osure to this reagent. No colour is 
given on subsequent treatment with cold sodium sulphite solution [Norman and 
Jenkins, 1933] whereas if acidified hypochlorite or gaseous chlorine be used a 
chara(;teri8tic rich purple colour is obtained. 

In the light of this rather conflicting evideiu‘e the nature of the initial 
reaction between an amino-acid and chlorine as hypochlorite in excess must 
remain open. The theory of direct oxidation to cyanide seems at least as well 
founded as that of the formation of chloroamino-acids. 


Conclusion. 

Whatever be the first step of the reaction, oxidation or chlorination, the 
reaction betweem glycine and an excess of hypochlorite probably results in the 
intermediate formation of hydrocyanic acid, wdiich is then hydrolysed to formic 
acid and ammonia. These products may then be supposed to be completely 
oxidised with tlu‘ liberation of carbon dioxide and gaseous nitrogen. The whole 
reaction may be given in the equations below, the possibk* validity' of each of 
which has been experimentally verified. 

CH 2 (NH 2 ) . COOH + 20 = HCN + COg + 2HoO. 

HCN + 2 H 2 O = H . COOH + NH 3 . 

H.C00H + 0=C02+H20. 

2NH3+30=N2+3H20. 



496 


M. F. NORMAN 


SUMMAEY. 

1. Glycine is rapidly oxidised by hypochlorite. At least five times as much 
chlorine as glycine must be present for completion of the reaction. Under such 
conditions 1 mg. of glycine uses 4*26 mg. of chlorine, equivalent to 9 atoms of 
chlorine or 4 J atoms of oxygen per mol. of glycine. 

2. When there is a sufficient excess of chlorine to complete the reaction, the 
increase of chloride-chlorine is equal to one half of the amount of available 
chlorine used. 

3. The rate of oxidation is most rapid and is complete in 2 hours between the 
acid and alkali conc>entrations of 0*05 m.mol. per 100 ml. (on either side). In 
general, further additions of acid or alkali greatly retard the rate of reaction. 
With alkali however a point of maximum retardation is reached at a concentra- 
tion of 0*25 m.mol. per 100 ml. In the presence of alkali concentrations greater 
than this, the rate is very slowly increased, though the reaction is still not com- 
plete after a period of 25 days. 

4. The change in pjj during the reaction has been followed by means of a 
glass electrode. The mixture becomes more acid as oxidation proceeds, and the 
reaction is most rapid in the region of Pu 7-9. Solutions buffered at pg 7 and 8 
are more rapidly oxidised than one buffered at pjj 9. 

5. The oxidation of possible intermediate products in the reaction, H.CHO, 
HCN, H . COOH and NHg , was tested. All except H . CHO are completely oxidised 
by h 3 q)ochlorite. From this it is established that the oxidation of glycine results 
first in formation of HCN, COg and water. HCN is then hydrolysed to give 
formic acid and ammonia, both of which are oxidised to COj , water and gaseous 
N. Quantitative recovery of carbon dioxide was obtained. In this way, the 
uptake of 4J atoms of oxygen per mol. of glycine is accounted for. 

The author is indebted to Sir John Russell for providing facilities for this 
work, and to Dr M. Starr Nichols of the State Laboratory of Hygiene, Madison, 
Wisconsin, at whose suggestion it was undertaken. 


REFERENCES. 

Chapin (1929). J. Amer, Chem. Soc, 51, 2112. 

(1931). /, Ai^er, Chem, Soc, 68 , 912. 

Clark (1928). The determination of hydrogen ions. 3rd ed., p. 200. 
Chbbons and Ridge (1927). Shirley Inst, Memoirs, 6, 1. 

Cross, Bevan and Briggs (1908). J, Soc, Chem, Ind, 27, 260. 

Dakin (1916). Biochem, J. 10, 319. 

Langheld (1909). Ber. deutsch. chem, Oes, 42, 392, 2360. 

Norman and Jenkins (1933). Biochem, J. 27, 818. 

Wright (1926). Biochem, J. 20, 624. 



{Rejtrinted from the Journal of Animal Ecology, 

Yol, 6, No. 1, pp. 169-192, May, 1937.] 

[AU rights reserved.] printed in great Britain 

AN ECOLOGICAL STUDY OF A THRIPS (APTIN0THRIP8 
RUFUS) AND ITS NEMATODE PARASITE 
(ANGUILLULINA APTINI) 

By AVERIL M. LYSAGHT 
(With 7 Figures in the Text) 

CONTENTS 

PAGE 


1. Introduction lt>9 

(а) Outline of problem 169 

(б) Deacription of the graHH plote 170 

(1) Manurial treatments 170 

(2) (.’hemical data 171 

(3) Botanical data 172 

(c) Technique 173 

(1) Sampling 173 

(2) Culturing the nematode 174 

2. Biology of the nematode 174 

(flf) Life cycle 174 

(6) ExpcTiinental work 177 

(c) ScoHonal variation in abundance of the nematode . I7S 

(1) E fleet of temperature I7S 

(2) Effect of rainfall 180 

(3) Total numbers of parasik* and host . . . 180 

(f/) Morphological effi'ct of parasite on host . . .182 

3. V'ariation in numliers of host insect 183 

(o) Evidence 183 

(ft) Effe<*t of parasitism 184 

4. Difference in percentage parasitism on eleven plots . . 186 

(«) Evidence 186 

(ft) l-hemical factors 188 

(c) Botanical factors 188 

(1) Experiments 188 

(2) Discussion 11*6 

(d) Parasites other than the nematode . . . .191 

Discussion 161 

6. Nummary 161 

References 16- 


1. Introduction 

(a) Outline of problem 

It is almost a century now since scientists began to set out long-term experi- 
ments to elucidate the causes of differences in vegetation such as occur, for 
example, in the clearly defined zones on mountain slopes. The classical fields 
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at Rothamsted are valuable from this point of view. In 1856 the meadowland 
which comprises Park Grass was divided into strips for experimental work on 
the eifect of fertilizers on grassland. Since then the plots have undergone 
dilferential manurial treatments and have been annually cropped for hay. 
Differences in the vegetation and sometimes in the insect population of these 
plots have become apparent. The present investigation was undertaken in 
order to determine, if possible, what factors influenced the distribution of the 
parasites of an insect which occurs on all the plots. 

A wingless Thysanopteron, Apiinoihrips rufm Gmolin, is abundant through- 
out the year on the grasslands at Rothamsted. It is parasitized by a nematode 
Anguillulina aptini (Sharga). Sharga (unpublished observation), working on 
samples from two of the plots, found that the parasite was apparently absent 
from one although common on the other. The two plots have had similar 
manurial treatment except that one has been dressed with lime while the other 
has not. 

In 1933--5 observations concerning the distribution of both the host and 
parasite on eleven of the plots were mad(^ at intervals to sec whether the 
difference in abundance of tlie parasit(* was significant or fortuitous. 

I wish to thank Sir John Russell for his kindness in allowing me k) work at 
Rothamsted Experimental Station. The investigation was carried out in the 
Entomology Department under the stimulating direction of Dr C. B. Williams. 
To him and to the other members of the staff* who have discussed the 
questions involved and who have been generous with helpful criticism I am 
most grateful. Thanks are also due to Mr Samuel and Mr Moore who kindly 
undertook the culture of a fungus parasite of Apfinothrips rnfm, k) Mr P. 
Simon, without whose assistance the experiments involving water culturcs^and 
the growing of a number of grasses could not hav(‘, been carried out, and k) 
Messrs Sutton and Son who supplied varieties of grass seed for experimental 
purposes. 


(h) Description of the grass plots 
(1) Manurial treatments 

The material from which the insects were colh'cted for examination was 
obtained by sampling a number of plots from the field called Park Grass. This 
field was divided into plots for experimental purposes in 1856 (Lawes & Gilbert, 
1880—1900). The plots used in the present investigation were chosen so as to give 
as great a range as possible of manurial treatment and of r<‘.sultant variation in 
the herbage. They vary in size from one-half to one-twelfth of an acre. Their 
relative positions and treatments arc shown in Fig. 1 . Each plot is divided into 
two halves, similarly treated save that the south-west half of each has been 
limed regularly since 1883, and the other half left unlimed. No lime was 
applied at all before that year. 
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(2) Ohemiml data 

Recent data on chemical analyses of the soils liav(‘ been kindly supplied by 
the Chemistry Department and are ^ivon in Table* 1 : the plots tliffer con- 
siderably and present a wide range of values. 


Limed 


Unlimed 


13 

12 

IV 

IV 

10 

9 

8 

7 

0 

5“ 

4» 


;■ . ;■ X 

X 

< — ^ (49 acres) 

No lime 





X 



. X 

X 



X 

X 


Super -^puU«h after 
«u) umin (S6 Ifi iN) 
fi»r 42 vr» No lime 

5' 






14 tons dung alternating with 6 cwt fish meal 
Dressings every two years 

Untnanured (both halves) 

As 11* with 400 lb. sihrate of soda 
As 7 with 6in lb, sill. am. (129 lb, N) 

As 9 without potash 

As 7 with 412 lb. sul. amin, (116 lb, \) 

As 7 without potash 

iwt. super., 500 lb. sul pot,. 100 lb sul mag.. 
100 lb. sul. soda 

Sul. amm. (86 lb. N) for first 1.3 years, then ns 7 
IJiimaiiured alter sul amm. (as .V) 

31 owt. super. 412 lb siil amm 

3| ewt super 

Liimanured 

Lnmamired after dung for first 8 year^- 


206 lb sul .imm. (86 lb. N) 

As 7. with .550 lb, nit soda (86 lb N) 

Vlinerab as 7. lollowing nit sod.i first 18 \e{’rs 
As 7. with 275 lb nit soda (ti lb N) 

273 lb lilt soda (43 lb N) 


" mdicati’s that a plot lui.s bci'ii .sampb'd foi 
Aptinoihrips mf'u't 


Fig.L 


Table 1 


Plot... 

3L 

3 1) 

7L 

7U 

i:i L 

13(1 

OL 

0 i: 

11 L 

lU' 

IP 11 

A 

7’3 

ThI 

•>•7 

54 

(i-fi 

•1-7 

5-(» 

1-0 

7 2 

(10 

3 8 

(1023) 

11 

01 

1 

1(K) 

0 


30 

21 

- 1 

108 

10.5 

— 

0 

21 

25 

32 

30 

15 

32 

28 

31 

38 

10 

— 

1) 


1-51 

l-2() 

131 

i-no 

148 

100 

1-37 

l-OT 

1 07 

--- 

i<: 

— 

0 18 

()• 13 

n 11 

(t'55 

(H.l 

0 08 

077 

0-55 

0 00 



i; "UidiMutl pb.t. L- limed plot 

A - -pH values f(»r 103,3, 2 jears aft<T limmg 
11 jH^rcentJige nitntication (1033). 

(' -average niineritlizahle ml nigeii (1033). 

D = pereeiitage nitrogen in herbage (!i:iv (1031), willi 80 ‘’o diT matter). 
K - I'wt. nitrogen p*r iu*re in hay (1031) 
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Data for ID U are not given here as it has not been subjected to chemical 
or botanical analysis since 1924 and it was not included in the present investiga- 
tion till 1934. Its herbage is almost identical with that of 9 U but its ;pH value 
is slightly lower (3-8 m 1923). 

An attempt was made to correlate these and other values with the per- 
centage infection of Aptinothrips rufus both by the nematode and by a para- 
sitic fungus (Lysaght, 1936 b). None of the (;orrelations was significant and 
certain factors were thus eliminated. 

(3) Botanical data 

Unfortunately an exact botanical analysis of the plots is not available. The 
most recent was published by Brenchley in 1921 since when considerable 
changes have taken place. At that time the main constituents of the herbage 
on 9 U were Agrostis vulgaris, Anthoxanthurn odoratum, Arrhenatherum 
avenaceum, Festuca ovina, Holcus lanatus, Daciylis glotnerata and Rumex 


Table 2 


Limed 

A vena pvhescerut 
Jiriza ?nedia 
Ihictylis glomerata 
Anihomntkuw odoratum 
Festuca ovina 
Poa praiensis 
Tnfolium pratense (v. ab.) 
Ranunculus arris 

A vena pubescens 
A nthoxanthum odoratum 
Dactylis glomerata 
Brim media 

Taraxacum officinale (v. ab.) 


Ilolcus lanatus 
A nthoxanthum odoratum 
Alopecurus praiensis 
Bromus mollis 
Poa praiensis 


Tn limed 

Plot 3 

.*1 vena pubescens 
linza media 

Anlhoxanlhum odoratum 
Festuxn ovina 
( 'onopod i u m den udat u m 


Plot 7 

A vena pubescens 
Anthoxanthu III odoratum 
Dactylis glomerata 
Brim media 
Tnfolium pratense 
Conopodi u m den udat u m 
Alopecurus jiratensls 
Poa praiensis 

Plot 9 

Holcus lanalus (v. ab.) 

A nthoxanthum odoratum (sc.) 


Plot 

Holcus lanalus 


Alopecurus praiensis 
Dactylis glomerata 
A rrhenatherum avenaceum 
Holcus lanatus 


Arrhenatherum avenaceum 
Anthoxanthum odoratum 
Dactylis glomerata 
Poa trivialis 
Poa praiensis 


Plot 13 

Alopecurus praiensis (v. ab.) 
Dactylis glomerata (sc.) 
Arrhenatherum avenaceum (sc.) 
Conoj)odtum denudatum (sc.) 
Bumex acetosa (sc.) 

Plot 14 

Arrhenatherum avenaceum (v. ab.) 
Alopecurus praiensis 
Bromus mollis 
A vena puhesesns 
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acetosa. In 1928-9 the winter was exceptionally hard and the only grass able 
to withstand both the extreme cold and the high acid (jontent of the soil was 
Holcus lamtus. This plot is now almost covered with H. lanatus but there is a 
little Anthoxanthum odoraturn as well. Plot IP U is rather similar but even in 
1924 Hokus lanatus was dominant. Occasionally Anthoxanthum avenaceum 
has been plentiful and a few other species could always be found. Now however 
Hokm lanatus makes up the entire herbage and the surface is a thick peaty 
mat. 

The growth on 9 U and 1 P U is coarse and rank. The latter yields a heavier 
crop of hay than any other in this series. It produces on an average 58 cwt. 
per acre from the first cut while the rest yield from 11 to 52 cwt. The herbage 
on all the other plots consists of a number of species, and though sometimes 
one may be particularly abundant, in no case does it dominate the rest of the 
association. A list of the commoner species which were in flower in May and 
June 1933 is given in Table 2. It is by no means complete but is compiled from 
eyt' observations carried out by the Botany Department. 

(c) Technique 

(1) Sampling 

Hamples w’ere taken at iutcirvals of about one week throughout the spring 
and sumiiKT of 1933. In 1934 they were taken we(;kly from February till 
November, and tlien at intervals of from 2 to 3 weeks until the end of February 
li)35. As tht‘ grass was cut on each plot it was put into paper bags and then 
brought back to the laboratory for examination. Each sample was left in a 
large glass jar covered with muslin until 1 was ready to work through it (not 
more than 3 or 4 days). 

Apt hioihrips rujm is about P25 mm. in length, wingless, and yellowish 
brown as its name denotes. It c.an be distinguished quite easily from the other 
thrips found with it since it is more slender than the pale larval forms of the 
commoner winged specitss and has a peculiar gait. Specinuns were at first 
collected with a camel-hair brush but later an aspirator was used. Various 
nudbods were used for killing the insects, but anaesthetizing with chloroform 
{)roved to be the most satisfactory. If, however, too much vapour were present 
the blood coagulated rapidly and the parasites degenerated almost immedi- 
ately. A simple device was suggested to me and proved effective. A wide- 
necked bottle of chloroform was fitted with a rubber cork in which two holes 
wer(* bored. The glass tubing from the bottom of the aspirator containing the 
thrips w'as fitted through one hole, while through the other was passed a piece 
of bent glass tubing to which a rubber bulb was attached. Pressure on the bulb 
forced chloroform vapour up through the aspirator and in this way a very small 
amount could be used. 

Dissections were made in Ringer’s solution. Centrifuging of washings from 
the grass of a heavily infested plot were carried out in the summer of 1934 in 
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the hope of finding the free-living stages of Anguillulina aptini, but the only 
nematodes collected were free-living and saprophytic forms. 

(2) Cuhuring the nematode 

The fact that Glaser (1932) and Lapage (1933 a) successfully cultivated two 
widely different types of nematodes suggested that it might be possible to 
obtain cultures of A. aptini. Attempts were made to do this using Glaser *s 
technique. The nematodes were placed on agar plates inoculated with a heavy 
suspension of baker’s yeast, but none lived for more than 2 days although alive 
and active at the end of 24 hours. 

2. Biology of the Nematode 
(a) Life cycle 

The adult female nematode although degenerate in many respects has an 
extremely efficient reproductive system. One parasitized tlirips was found to 
contain a single female nematode, 111 eggs and 18 newly hatched larvae. 
Other instances are given in Table 3. I obtained no evidence concerning the 
length of the egg-laying period in individual females. 

Table 3. Typical infestation of individual thrips, Male larvae'' includes oiily 
those which are sufficiently advancjcd to be recognizable on account of their 
caudal alae 


Females 


Larvae 

(Male larvae) 

2 

56 

133 

29 

2 

33 

122 

5 

2 

84 

113 

4 

3 

62 

122 

1 

1 

43 

125 

9 

1 

in 

18 

0 

1 

30 

113 

1 

2 

J45 

\) ■ 

0 


The maximum production of eggs is in the spring during the months of 
April and May (Fig. 2 and Table 4). From the relationship of the curves 
showing the average numbers of larvae and eggs in infected thrips in 1933 and 
in 1934-5 it would appear that the incubation period in the spring is between 
3 and 4 weeks. After the middle of May the number of eggs drops appreciably 
but it rises again at the beginning and at the end of July. The curve then 
slopes fairly smoothly down and reaches its minimum in December. It fluctu- 
ates about a low level throughout the winter months and shows a steady rise in 
March. 

It is possible that the drop in May is due to the fact that the overwintering 
generation of females has died out and that their progeny have not yet reached 
maturity. After this period development is probably accelerated by the rise in 
temperature. That this is so is confirmed by the fact that the numbers of eggs 
and larvae per infected thrips undergo a progressive decrease from the end of 
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June onwards in both 1933 and 1934, while, on the other hand, in neither year 
does the ourve showing percentage of infected tlirips (Fig. 3) reach its maxi- 
mum till August and September. 



Fig. 2. Average uumbor of nematodes per infected thrips. 

1933 1934-5 

Eggs usmsaxifitic** 

Females •ooo®ooo.<*o 

Male larvae 

It is not known whether moultinji; occurs before the larvae leave the thrips. 
1 think that the young males and females escape from the host early in the 
morning when the dew is heavy and swim down to the shelter of the grass 
sheaths and that here moulting occurs and fertilization takes place. On the 
other hand fertilization may occur in the host before the larvae leave the anus. 



Table 4. Average numbers of nematodes per thrips in weekly 
samples from aU plots 



Number 

Average number of nematodes per thrips 

1/aie 

1933 

of thrips 
infected 

f 

Males 

Females 

Eggs 

Larvae 

13 Mar. 

2 

2-6 

0-0 

1-5 

10-6 

21 

11 

0-4 

0*5 

9-6 

4-7 

27 

4 

0-0 

0-8 

13-3 

00 

6 April 

8 

0-0 

0-9 

33-5 

1*3 

10 

16 

00 

0-9 

32-9 

2-6 

20 

11 

00 

1*2 

52-5 

6-7 

27 

9 

00 

1-6 

37-2 

10-9 

2 May 

8 

00 

10 

47-4 

100 

11 

17 

M 

M 

381 

35-8 

18 

19 

3*2 

10 

321 

56*8 

22 

39 

4-9 

1-3 

34-6 

64-3 

29 

27 

3*8 

10 

270 

6M 

6 June 

23 

2-9 

1-5 

26-6 

62*3 

20 

23 

1*3 

1-2 

24-7 

26-9 

26 

31 

1-3 

1-2 

35*7 

33*2 

3 July 

55 

2-5 

M 

19-9 

66'6 

11 

51 

2-6 

1*3 

21*2 

50*8 

18 

54 

27 

1-4 

22-9 

51*6 

23 

60 

2-6 

1-4 

29-3 

57*1 

18 Sept. 

26 

96 

2*6 

1-9 

16*9 

41*2 

47 

3-9 

1-8 

15 5 

32*3 

2 Oct, 

21 

31 

1*9 

10-3 

28*9 

11 

18 

4-3 

3-3 

8-9 

28*6 

16 

12 

2-3 

1*8 

6-5 

21*3 

26 

22 

2-2 

20 

4>8 

19*6 

1934 

26 Feb, 

5 

2-4 

1-6 

10'2 

8*4 

6 Mar. 

7 

00 

10 

8-6 

0*0 

19 

6 

6-7 

D5 

0*8 

1*2 

26 

14 

0-3 

M 

3*7 

5*8 

31 

13 

00 

1-5 

Ilf) 

0*4 

9 Apr. 

6 

0-3 

1-2 

5-8 

2*3 

16 

9 

00 

If) 

16'7 

0*2 

26 

19 

00 

1-2 

305 

0*0 

30 

16 

0-4 

1-8 

28-6 

2*1 

7 May 

20 

00 

1-2 

42-4 

4*8 

14 

13 

0-0 

10 

.50'5 

29*5 

22 

16 

1*8 

M 

26-2 

45*9 

28 

20 

3-4 

M 

25- 1 

54*8 

4 June 

10 

2-2 

1-2 

15-4 

68*2 

28 

20 

0-9 

M 

.30-4 

28*4 

4 July 

11 

2-5 

1-5 

41-0 

37*6 

9 

23 

2-7 

10 

31-8 

58-4 

17 

42 

26 

1-2 

28-6 

50*7 

23 

40 

2-6 

1-3 

34-6 

49*3 

30 

41 

3*4 

1-4 

27-8 

47-6 

6 Aug. 

54 

2-7 

1-7 

27- 1 

43*7 

13 

66 

20 

1-5 

25-5 

35*7 

20 

60 

22 

1-8 

293 

38-6 

27 

73 

22 

1-8 

243 

37*3 

4 Sept. 

36 

2-5 

1-8 

28-8 

45*3 

10 

42 

2-5 

1*7 

27-5 

40*2 

25 

44 

4-8 

2-4 

221 

51-6 

10 Oct. 

14 

3-3 

1-4 

8-6 

29*9 

16 

28 

2-2 

1-7 

121 

3M 

23 

29 

2-8 

1-8 

61 

25*2 

7 Nov. 

22 

2*7 

18 

4*7 

27*6 

22 

19 

1-7 

1-8 

7-1 

14*4 

12 Dec. 

15 

2-3 

1-5 

5*7 

17*6 

31 

16 

M 

1-2 

1-7 

4*5 

1935 

18 Jan. 

19 

0-6 

1-6 

6-4 

4*0 

11 Feb. 

17 

0-4 

1*4 

0-8 

2*8 

28 

19 

0-2 

1-2 

67 

2*0 


Note, Numbers in the column headed larvae include those which were distinguishable as males 
as these were thought to be immature. 
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This hypothesis is supported by the comparatively small number of male larvae 
which are found throughout the summer (Fig. 2). Males have, however, been 
found leaving the anus of the host. 

After fertilization the female finds a larval or pupal thrips and enters it 
by means of the stylet which enables it to penetrate the delicate skin of the 
host. Bovien (1932) has seen females of Scatonerm wulksri Bovien pene- 
trating the larvae of Scatopse fuscipes Meig. in this way. The female nematode 
after entering the host loses its worm-like appearance and develops into a 
swollen sac-like organism in which the reproductive system is the only obvious 
structure (Lysaght, 1936 a). 

1 think that the last generation of females in the autumn infects the larval 
thrips which will form the overwintering generation. Development of the 
female nematodes in these hosts is delayed and few eggs or larvae are found 
throughout the winter months. The number of females per infected thrips was 
practically constant during the entire period of sampling. The examination of 
1650 infected thrips showed that in the great majority one or two females 
occurred in each host, but occasionally more were present, up to eight in very 
ran* cases. 

Fig. 2 shows the average number of parasites per host insect in 1933 and 
1934-5. Numb(?ra of females in 1933 are not shown as the curves for both years 
are almost identical. 


(h) Experimental work 

Experiments were carried out to ascertain whether the life cycle of the 
nematode could be completed in the absence of soil. Grass seedlings which had 
been grown in sterilized soil were cjirefully washed and placed in water cultures. 
Cellophane cages were fixed over them. Six tubes containing Holcus lanatus 
and six containing mixed grasses were used. The mixed grasses comprised 
Agrostis alba, Alopemrus pratensis, Bromm mollis, Dactylis glomerata, Festuca 
ovina and Poa pratensis. Ten thrips from 13 U were placed in each cage. The 
percentage infection of thrips was 78 % on this plot on 27 August 1934, and 
45 % on 4 September, 3 days before this experiment was begun. 

The thrips were placed on the mixed gi’asses on 8 September and on Holcus 
lanatus on 7 September, and were left till 22 October when they were collected 
for examination. The results are given in Table 5. The cages were left undis- 
turbed during this period, but the solution in the tubes was changed weekly. 
The grasses did not grow well and in three sets of H. lanatus the seedlings died. 
From the other three 39 thrips were collected. Of these, 35 were larvae, 2 were 
pupae and 2 adults. One larva only was infested: an immature female was 
present in its body cavity. 

The mixed grasses were much more healthy but only 18 thrips were present, 
these comprised 4 pupae, 7 larvae and 7 adults. The adults were small and pale. 
Of these 18, 5 were infected, 4 adults and 1 pupa. This shows that it is possible 
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(under certain conditions) for the nematodes to complete their life cycle without 
utilizing the soil. All the available evidence points to the grass sheaths being 
the habitat of the nematodes in the free-living stage. 


Table 5 

Thrips Nematodes 







Infected 





Grass 


Pupae 

Larvae 

Adults 

specimens 

Males 

Females 

Eggs 

Larvae 

U, lanatus 

(a) 



6 

2 

11a. 

— 

1 (imm.) 




ib) 

2 

19 

— 

— 

— 

— 

— 

— 


ic) 

— 

10 

— 

— 

— 

— 

— 

— 

Mixed 

[a) 





1 

1 ad. 

— 

2 

16 

— 


{b) 

1 

1 

2 

1 pu. 

— 

2 

2 

103 









1 ad. 

r> 

2 

20 

22 


(c) 

1 

— 

2 

1 ad. 

— 

1 

35 

1 


id) 



1 

1 ad. 

1 

1 

— 

— 


(e) 

2 

3 

— 

— 

— 

— 

— 

— 


if) 

— 

3 

1 

— 

— 

— 

— 

— 


(c) Seasonal variation in abundance of the nematode 
(1) Effect of temperature 

The graphs for the nine plots seem to exhibit a fairly regular seasonal 
rhythm. Infection rises gradually in April and May, drops in June, reaches a 
maximum in August and September and drops at the end of October. In the 
mild winter of 1934-5 a mid-winter rise occurred on three of the plots, but this 
did not persist through February. The approximately weekly average of the 
percentage infection on all the plots for 1934-5 is shown in Table 7 and Fig. 4. 
The peak was reached on 27 August. 

The monthly average of the percentage infection on all the plots in 1933 
and 1934-5 is expressed in Table 6 and Fig. 3. The curves for both seasons are 
almost identical. Samples unfortunately could not be taken in August 1933, 
and it is probable that infection reached its peak during that month. This 
would explain the only discrepancy between the curves. 

Table 6 and Fig. 3 shows the monthly mean of the minimum temperature 
on grass and it is obvious that a relationship exists between the rise in tem- 
perature and infection. 

Correlations were worked out to estimate the significance of this 
relationship. The average minimum temperature on grass for 1 week before 
sampling and the percentage infection of that sample gave a correlation 
coefficient of 0*66, a highly significant figure (()*38()9 was required). The average 
minimum temperature on grass for 1 month before sampling gave an even more 
significant correlation, 0*7321. The highest correlation coefficient was 0*7528, 
which was obtained from the correlation of the percentage infection with the 
average temperature on the screen for one month before sampling. These 
figures are of undoubted interest but their true significance is difficult to judge 
in the absence of laboratory experiments under controlled conditions of 
humidity and temperature. A significant correlation can usually be obtained 
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between temperature and the population of most animals that breed in the 
summer. Kise of temperature is only one of a number of complex factors that 
together constitute the change of environment at this season. 

(2) Effect of rainfall 

That rainfall might affect the nematode attack was considered possible but 
the correlation between infection and total rainfall for a month before sampling 
was negative and not significant. It would seem that dew provides sufficient 
moisture for the nematodes to complete the free-living stages of their life cycle. 



Heavy rain would most likely tend to wash them off the grass into the soil. 
Rainfall in relation to infection is shown in Figs. 3 and 5 and Table 7. 

(3) Total numbers of farasite and host 

A final point of some interest in the question of infection is raised by the 
population figures for both host and parasite plotted in Fig. 4 and Table 7. 
The abundance of the different stages of the nematode was estimated by 
multiplying together the average number of thrips in the weekly samples, the 
percentage of infected thrips and the average numbers of larvae or eggs found 
in an infected thrips. Presumably this would give a fairly accurate figure for 
the nematodes present on the volumes of grass in each sample.i The curve 
* 4-lb. jars, capacity 2400 c.c. 
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expressing numbers of nematode larvae in a certain volume of grass attains its 
maximum in mid- July. At the same time the second brood of thrips reaches 
its peak (see Section 3 a and 6). The average minimum temperature on grass is 
higher in July than at any other time. The percentage of thrips infected does 
not reach its maximum till 6 weeks later when the larvae of the second brood 
of thrips have attained maturity. 


Table 7 

Average 



population 
of thrips 

Per- 

centage 

Calculated numbtirs of 
nematodes r)er sample 

Rainfall before sampling 
(in mm.) 

Date 

1934 

Hfimnlo nf 




K. 

1934-6 

thrips 

^ 

Larvae 

Eggs 

t — 

28 days 

\ 

14 days 

26 Feb. 

31 

1 

2-48 

3-16 

6-48 

2-60 

5 Mar, 

23 

3 

0-00 

5-93 

12-99 

8-50 

19 

28 

2 

0-56 

0-45 

56-35 

42-65 

26 

29 

6 

8-70 

5-37 

66-60 

38-35 

31 

16 

7 

000 

2-88 

67-40 

13-55 

9 Apr. 

28 

2 

M2 

3-25 

42-26 

3-90 

16 

37 

4 

0-00 

24-72 

22-35 

7-80 

26 

61 

8 

0-00 

48-84 

30 40 

24-65 

30 

64 

6 

7-68 

109-82 

47-20 

39-40 

7 May 

60 

7 

1500 

148-40 

57-60 

44-70 

14 

44 

5 

63-80 

111-10 

55-10 

15-70 

22 

26 

6 

71-76 

40-87 

46-06 

6-05 

28 

27 

7 

103-96 

47-44 

21-26 

5-55 

4 June 

16 

4 

3712 

9-86 

6-95 

0-90 

28 

36 

7 

68-60 

74-48 

35-45 

29-00 

4 July 

36 

6 

66-50 

71-75 

42-15 

34-50 

9 

67 

10 

397-10 

181-26 

38-50 

27-15 

17 

72 

12 

440-64 

247-10 

44-65 

14-30 

23 

54 

16 

423-36 

298-94 

52-96 

31-00 

30 

62 

16 

399-36 

231-30 

29-75 

20-65 

6 Aug. 

13 

34 

23 

344-08 

211-92 

32 45 

9-35 

36 

26 

324-00 

229-50 

36-25 

15-60 

20 

31 

26 

314-34 

236-16 

21-15 

11-80 

27 

27 

31 

309-69 

203-39 

20-95 

5-35 

4 Sept. 

26 

19 

209-00 

136-80 

58-05 

48-65 

10 

27 

22 

237-60 

163-35 

52-45 

47-10 

17 

23 

21 

* 

4> 

75-90 

27-25 

2r) 

19 

20 

197-60 

83-98 

62-05 

.39-70 

1 Oct. 

30 

* 

* 

* 

21-45 

19-10 

10 

74 

6 

111-00 

31-82 

- 

— 

16 

62 

11 

177-.32 

69-21 

— 

— 

23 

77 

11 

211-76 

61-67 

— 

— 

7 Nov. 

80 

8 

179-20 

30-08 

— 

— 

22 

76 

7 

74-48 

37-77 

— 

— 

12 Dec. 

80 

6 

72-00 

22-80 

— 

— 

31 

84 

6 

25-20 

8-06 

— 

— 

1936 

18 Jan. 

46 

7 

12-88 

17-71 

— 

— 

11 Feb. 

68 

6 

12 24 

3-26 

— 

— 

28 

33 

7 

4-62 

13-17 

— 

— 


♦ No dissections. 


The various generations of thrips overlap as the adults appear to live for 
some time. Taking Fig. 2 in conjunction with Fig. 4 it would appear that the 
high temperature in July greatly accelerates the rate of development of the 
nematodes and appears to increase their chance of survival in the free-living 



Nematodes 
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stage. The numbers of infected thrips therefore show a steady increase after 
the July maximum although the number of eggs and larvae produced by the 
female nematodes undergoes a comparatively steady decline. The ideas sug- 
gested by the data expressed in these graphs are put forward with some 
diffidence as so many factors are involved. 



Fig. 4. Abundance of thrips and nematodes on all plots, 1934-5. Thrips (lO-min. catches) 
infected thrips (%) . Nematode eggs oooooooooooo, nematode larvae o o- 


(d) Morphological effect of parasite on host 

The effect of parasitism on the host is that sterility almost always follows. 
Amongst all the infected thrips dissected only 8 were found in which the re- 
productive organs appeared to be normal (Table 8). 

Table 8 


Nematpdes per thrips 


Date 

Males 

Females 

Eggs 

Larvae 

Eggs of thrips 

21. iii. 33 

— 

— 

22 

12 

1 

21. iii. 33 

(1) 

2 

17 

6 

2 

26. vi. 33 


— 

4 



1 

23. vii. 33 


1 

9 

— 

Ovaries well developed, 
no mature eggs 

20. vi. 33 

— • 

1 

7 

— 

Mature eggs 

17. vii. 34 

(8) 

— p- 

— 

18 

1 

31. iii. 34 


1 





1 

13. viii. 34 

— 

— 

— 

2 

1 
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It would be conceivable that, if the pupal host were parasitized at a late 
stage in its development, the eggs and ovaries would not at first be affected by 
the presence of the parasites. Sterility follows as a rule when only one im- 
mature parasitic female is present, but in three of the above cases the infection 
is fairly heavy. These three thrips were perhaps attacked in the late pupal 
stage. Very little is known about the exact effects of parasitism in insects. 

3. Variation in numbers of host insect 
(a) Evidence 

An estimate of the thrips population on all the plots was attempted 'in 
1934. In 1933 I had noticed that they varied in number very considerably but 
I had no standard method to measure their abundance. The method used in 



Fig. 5. Average numbers of thrips per sample xxxkxrxx ; percentage nematot](‘ infection 

total rainfall in mm. 28 days before sampling ; total rainfall in mm. 14 days )>efore 

sampling . 

1934 was to collect as many thrips as possible in 10 min. from samples of 
grass of about the same volume (2400 c.c.). This method was used because 
the amount of herbage on the manured and unmanured plots varied so much 
that it was impossible to take the grass from a given area. On a piece of ground 
6 ft. square on 9 U in the late summer thousands of thrips would have been 
present and only a few score on the same area on 3 U and 3 L. On the whole 
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the thrips were much more abundant on some plots than on others but seasonal 
increases in the population on all of them were very similar. 


Table 9 



Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

Plot 

1934 

3U 

3L 

7U 

7L 

9U 

9L 

IDU 

13 U 

13 L 

14 U 

14 L 

26 Feb. 

9 

14 

21 

17 

.33 

33 

40 

60 

50 

33 

26 

6 Mar. 

6 

14 

18 

12 

28 

31 

9 

46 

26 

24 

41 

19 

8 

16 

10 

14 

42 

26 

31 

54 

60 

32 

23 

26 

4 

8 

20 

16 

54 

21 

46 

62 

32 

40 

30 

31 

4 

4 

8 

5 

25 

14 

45 

18 

20 

16 

16 

9 Apr. 

7 

5 

11 

17 

60 

26 

62 

54 

33 

29 

29 

16 

3 

12 

14 

11 

53 

47 

66 

72 

36 

62 

42 

26 

7 

6 

18 

28 

69 

102 

71 

107 

108 

70 

100 

30 

17 

10 

39 

28 

60 

102 

76 

102 

81 

97 

96 

7 May 

26 

24 

31 

31 

86 

72 

27 

80 

67 

37 

68 

14 

22 

21 

21 

21 

42 

66 

53 

63 

35 

21 

64 

22 

22 

35 

17 

22 

67 

26 

37 

27 

19 

12 

14 

28 

23 

16 

15 

24 

30 

65 

43 

35 

22 

23 

16 

4 June 

13 

20 

6 

18 

21 

32 

16 

16 

18 

9 

9 

28 

18 

23 

18 

37 

56 

46 

.34 

36 

38 

21 

53 

4 July 

3 

18 

9 

21 

64 

63 

85 

28 

42 

22 

33 

9 

8 

5 

14 

36 

78 

59 

18.3 

62 

82 

78 

34 

17 

11 

8 

19 

36 

146 

82 

236 

64 

36 

98 

56 

23 

23 

9 

17 

9 

104 

58 

166 

65 

27 

19 

99 

30 

7 

10 

8 

8 

130 

33 

12,5 

60 

30 

98 

65 

6 Aug, 

17 

6 

8 

18 

58 

25 

76 

42 

22 

32 

68 

13 

5 

7 

9 

18 

86 

36 

35 

32 

13 

94 

66 

20 

17 

9 

2 

20 

68 

26 

60 

22 

8 

72 

52 

27 

25 

7 

9 

11 

56 

17 

38 

37 

10 

38 

53 

4 Sept. 

11 

5 

8 

5 

58 

12 

68 

11 

19 

46 

46 

10 

6 

4 

4 

15 

68 

14 

66 

30 

9 

51 

35 

17 

14 

4 

12 

10 

68 

5 

66 

17 

8 

39 

16 

25 

18 

11 

5 

13 

27 

21 

41 

21 

11 

24 

16 

1 Oct, 

12 

16 

21 

24 

81 

32 

63 

27 

9 

31 

17 

10 

26 

22 

21 

38 

223 

128 

126 

88 

62 

51 

34 

16 

40 

19 

18 

34 

127 

45 

68 

68 

47 

83 

30 

23 

31 

72 

16 

46 

192 

106 

106 

66 

45 

110 

61 

7 Nov. 

42 

58 

25 

57 

163 

111 

109 

77 

62 

96 

78 

22 

49 

41 

35 

24 

119 

103 

128 

85 

44 

130 

72 

12 Dec. 

45 

57 

47 

105 

150 

82 

120 

78 

65 

62 

74 

31 

73 

79 

54 

81 

98 

108 

42 

98 

40 

112 

137 

18 Jan. 1935 

9 

25 

24 

23 

no 

52 

97 

63 

56 

37 

14 

11 Feb, 

38 

24 

32 

46 

148 

73 

106 

68 

40 

90 

84 

28 

13 

12 

34 

21 

44 

47 

77 

16 

26 

11 

34 


730 

765 

718 

1018 

3152 

2035 

2901 

2026 

1447 

2039 

1890 


Nunibonj of thrips found in 10*inin. counts in laboratory samples. 


The fibres for individual plots from 26 February 1934 to 28 February 1936 
are given in Table 9 and the monthly and weekly averages compiled from these 
are shown in Table 7 and Figs. 4, 5 and 6. More thrips occurred on 9 U and 
ll‘U than on any other plots, 3152 on 9U and 2901 on IPU. These figures 
were significantly higher than the rest which varied between 718 on 7 U and 
2039 on 14 U. 

(h) Effect of parasitism 

I do not think it probable that the absence of parasites on 9 U and 11* U 
is responsible for the higher population figures on these areas. Knechtel (1923) 
reports that Aptincthrips rufus was present in great numbers on the ears of 
Hohus lamtus in Roumania. It appears to be a favourite food plant and its 
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tufts provide plenty of shelter. Aplinothri'ps rufus seems to prefer a certain 
amount of shelter and has been found to be less abundant on the tops of the 
grasses. 

Fig. 4 shows that the number of thrips which begins to decrease in late July 
reaches its lowest point on 25 September. The peak of infection by the nema- 
todes was reached in August. At first sight therefore it would appear that 
parasitism might be affecting the population. This is improbable for two 
reasons. First, 9 U and IP U both show a considerable drop in their population 



figures for September. Secondly, the thrips show three peaks, one in April, a 
second in July and a third in the winter, extending from 0(‘,tober to January. 
These three peaks are separated by deep depressions which are of fairly uni- 
form depth, that in September being slightly shallower than the other two and 
these can have no connexion with nematode attack. It is therefore highly 
probable that the consistently higher population on 9 IT and 1 P U is due to the 
fact that Aptinothfips rufus prefers Holcus lanatus to the other grasses. 

Aptinothrips rufus was bred on various grasses for experimental purposes 
but little difference was apparent in either the numbers or the vigour of the 
Fj generation. 
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4. Difference in percentage parasitism on eleven plots 
(a) Evidence 


The present investigation was undertaken primarily to ascertain whether 
the apparent absence of the nematode on some plots was real and permanent. 
In 1933 the evidence proved that there was a significant difference in infesta- 



Fig. 7. Monthly percentage infection of thrips by nematodes. Plots 3 U ; 3 L ; 

7 U —p— »-<>-. ; 7 L •oooooooopoow j 9 U vppvvvvvvv ; 9 L — V— v-y— — — - ;13U ; 

13 L ; 14 U Kxjfxxirxjfjfjfic; 14 L — x— > 


tion between 9 U and the other plots. In 1934 ID U was also sampled. Its 
vegetation is similar and its pH slightly lower. The percentage of thrips in- 
fested by nematodes is rather less than on 9 U. 

Fig. 7 and Table 6 show the monthly average of infection on all the plots 
from 1933 to 1935. The highest infection on 9 U for any one month was 4 % 
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in August 1934, while in 1933 it failed to rise above 1 %. On llUJ it rose to 
1 % in June 1934 and February 1935. In only 4 of 13 months was any 
infection found on this plot. 

On each of the other nine plots infection rose to a marked degree during the 
summer months. On 13 U a heavy infestation occurred rising to 68 % in 
August 1934. On 7 U it was much lower, the highest point for 1934 being 
8*6 % and for 1933 14 %. However if the curve for this plot be compared with 
those for IP U and 9 U it will be seen to be consistently higher. 

On comparing the infestation of any plot in 1933 with that in 1934 it is seen 
(Fig. 7, Table 10) that there is much variation and that infestation may be high 
in one season and low in another. In July 1933 infection on 3 U rose to 40 % 
but in 1934 only to 22 %. The curve for 3 L was somewhat similar though in 
1933 it did not reach as high a maximum as 3 U. 7 L showed almost identical 
curves for both years but the maximum was reached a month later in 1934. 
9 L also shows similar curves for both seasons. In 1933 infection on 13 U failed 
to rise above 17 %, but in 1934-5 it was higher than on any other and reached 
a monthly average of 64 % in August. This figure was taken from four weekly 
samples each over 60 %. The 1933 peak infection was thus quadrupled in 1934. 
13 L with a maximum of 17-5 % in 1933 almost doubled this number in 1934, 
and 14 L shows a similar variation. 14 U on the other hand had a fairly high 
infection in 1933, a 40 % average in September; in 1934 a maximum of 55 % 
was reached in September, but, unlike the other plots, infection remained high 
throughout the winter months and reached an average of 32 % in January 
and 25‘5 % in February, 1935. In February 1934 no infection was found on 
either 14 U or 14 L. 


Table 10 

1933 1934 

, , — 


Plot 

t 

Maximum 
% infection 

Month 

Maximum 
% infection 

Month 

3 LI 

40-0 

July 

22-2 

Aiig. 

3L 

31-7 

July 

22-7 

Aug. 

7U 

13-8 

July 

8-7 

Aug. 

7L 

23-4 

July 

21-7 

Aug. 

9U 

1-0 

Oct. 

4-0 

Aug. 

9L 

29-4 

Sept. 

35'6 

Aug. 

IRU 

— 

— 

2-0 

June 

13 U 

17-0 

Sept. 

04-0 

Aug. 

13 L 

17-5 

Sept. 

30-8 

Aug. 

14 U 

400 

Sept. 

550 

Sept. 

14 L 

170 

Sept. 

34-7 

Sept. 


From these observations it is obvious that the curve of infection fluctuates 
considerably throughout the seasons on all plots but that the range is much 
less on 9 U and IH U. 
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(b) Chemical factors 

The pR values (Table 1) for 9 U and IP U are lower than for any other 
plot, but, on the other hand, the calculated correlation between pH values and 
infection over all the plots was not significant. In 1933 the correlation co- 
efl0Lcient was 0*325 and 0*632 was required for this set of figures; in 1934 it was 
0*332 while 0*632 was needed. 

There has been a tendency in recent years to regard the pH of a soil as the 
most significant factor present. It must be remembered that pH is only one 
of a number of very highly complex factors influencing soil populations. 
Arrhenius (1921), working with soil samples with a pH value varying from 
3-10, found that the earthworm Perichaeta indica Horst was able to survive 
only in soil with a pH of 6 or 7. As a result, perhaps, of his work there seems 
to have been a general belief that pH was important as a factor in controlling 
nematodes (Emmert, 1931). Vague references to such a theory occur quite 
frequently. Smith (1929), working on the relationship between physico- 
chemical properties of soil and abundance of Heterodera cysts, experimented 
with 78 soil samples and concluded that in the case of sandy soils there was no 
correlation. In peaty soils however he found a significant negative correlation 
between pH and cyst counts. Godfrey & Hagan (1933), working on soils with 
a pH varying from 3*5 to 8*5, found no correlation between pH and infection by 
n. radicicola, and Chandler’s (1925) hookworm larvae were able to survive 
immersion in N/IO solutions (pH 1) of HCl for 18 hours when the temperature 
did not rise above 75° F. 

I worked out correlations in order to estimate whether any significant 
relationship existed between the presence of Anguillulina aptini and the per- 
centage of nitrogen in the herbage, weight of nitrogen per acre in the hay, 
percentage nitrification and the average mineralizable nitrogen but none of 
these was significant. 

(c) Botanical factors 

(1) Experiments 

The growth of grass on the different plots varies according to the manorial 
treatments. Thus, in the plots under discussion, 11^ U, 9 L and 9 U, 13 L and 
13 U, 14 L and 14 U produce the heaviest crops of hay while the herbage on 
7 U and 7 L is not nearly so rank. Both 3 U and 3 L produce very little grass 
and the thrips are much less abundant on these two as a rule. The lists of 
grasses given in Table 2 show that they are very mixed on most of the plots. 
Arrhenaiherum avenaceum is very abundant on 1 4 U, Alopecurus pratensis on 
13 L, but the only plots where one species is dominant are 9 U and IP U. 
In 1 U Hokus lanatus has taken complete possession while on 9 U this species 
is dominant but a little Anthoxanthum odoratum is to be found. 

It is known (Triffitt, 1934) that the secretions of some grasses influence the 
development of the eggs of Heterodera schachtii and I thought it possible that 
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Hohus lanatus might either harm the nematode by its secretions or hinder it 
from finding a host by its long and numerous hairs. To test this, two 6-in. cubes 
of turf were taken from each of the plots 9 U and 9 L and were placed in 
earthenware pots in the greenhouse. After fumigation with hydrocyanic gas 
they were examined and no living thrips could be found. On 1 May 50 thrips 
were placed on each lot of grass. The pots were treated as follows: 9 U A and 
9 L A were both used as controls and 50 thrips from the original plots were 
placed on each. On 9 U B were placed 50 thrips from 9 L and on 9 L B 
50 thrips from 9 U. 

On 3 August the grass was cut and 25 thrips were taken from each of the 
four plots. Only 2 of these were infected by nematodes, 1 in 9 L A and 1 in 
9 U B. In this one case, at any rate, it seemed possible for a nematode to 
complete its life cycle on Hohus lanatus. Such a small infestation was un- 
satisfactory, and at the beginning of September more thrips were taken from 
the plots and put on the grass. On 22 October 30 were taken from each pot 
and examined. The results are tabulated in Table 11. On neither pot infested 
with thrips from 9 U was there any infection. On the control pot 9 L A 
23 % of the thrips were infected and on 9 U B (infected from 9 L) 20 %. 
It might be argued that the original thrips had survived and that no infection 
of the next generation had taken place but in that event one would expect to 
find a heavy infection in each insect whereas in only 3 out of the 13 were larval 
nematodes abundant and males present; the majority contained females and 
eggs with very few larvae. 

These results are strong evidence against the theory that any secretion 
from //. lanatus inhil)ited the development of the nematode. 

Table 11 


NematodtiR 



No. thrips No. thrips 


( 

_ . 



Expci'imoiit 

ex. 

inf. 


Males 

Females 


Larvae 

9 U A (control) 

30 

0 



— 

__ 

— 

DUB 

30 

6 

(1) 

— 

2 

— 

— 




(^) 

— 

1 

9 

14 




(3) 

— 

1 

— 

— 




(4) 

— 

4 

— 

— 




(r)) 

— 

1 

6 

2 




(6) 

— 

2 

— 

5 

9 L A (control) 

30 

7 

(1) 

— 

4 

" 

— 




(2) 

1 

1 

13 

62 




(3) 

1 

1 

14 

26 




(4) 

— 

4 

— 

— 




(5) 

— 

3 

2 

— 




(6) 

1 

2 

— 

26 




(7) 

- 

4 

— 

15 

9LB 

30 

0 







The j»H values of the soils were taken at the end of the experiments and 
arc as follows, 9 U A 3-65, 9 U B 3-95, 9 L A 515, 9 L B tiA. These gave 
additional proof that a low pH was not a directly important factor in pre- 
venting the nematodes from completing their development. 



190 Ecological Stvdy of a Thrips and its Nematode Parasite 


(2) Discussion 

It appears that some conditions were present in the greenhouse experi- 
ments which were not found on the plots, and the two most obvious of these 
are the rankness of Holcus lanatus on 9 U as opposed to the more delicate 
growth under greenhouse conditions, and secondly the high humidity which 
exists in the cellophane cages in the greenhouse. 

H, lanatus in midsummer on 9 U is extremely coarse and the sheaths of its 
stems are of great length. Short lengths of stems have been kept in the 
laboratory in Petri dishes and thrips of varying age have been placed on them. 
Almost invariably the insects sheltered in the curling edges of the blades and 
seemed unable to penetrate into the sheath for more than a few mm., if at all. 
In the field it is probable that the larvae and pupae do not penetrate into the 
sheath at all but shelter at the base of the blade j ust where it leaves the sheath. 
The nematode is much smaller than the host and it may make its way down 
into the sheath for a considerable distance. If that is so it may have difficulty, 
when it has matured, in finding the host. There are so many more species of 
grasses on the other plots that even if some, such Dactylis glornerata, have long 
rank sheaths there are still numerous finer and smaller grasses where these 
conditions would not be present. In H. lanatus the hairs on the leaf hold 
rain in large drops and prevent its running down into the sheaths; the 
sheaths of more open grasses with less velvety leaves are likely to have a 
higher humidity. 

In the greenhouse experiments growth was never as vigorous as it is under 
external conditions and the grass was cut on several occasions. Also in the 
cellophane cages humidity is exceptionally high. Actual measurements have 
not been carried out; but dew remains on the grass till much later in the day 
than it does on the grasses just outside the greenhouse. The nematode which 
was seeking a host in any of the greenhouse cages would have a short distance 
to travel on account of the small size of the grass, while the excessive humidity 
would be an added advantage and give it a longer period to seek the host 
without danger of desiccation. 

At present it is not known for how long the female nematode can survive 
without finding the host. Development may occur within a short time of 
fertilization, or alternatively it may be delayed till some kind of stimulation 
is set up by the blood of the host. It would appear that there is a definite 
critical period at this stage. 

It should be noted that the possibility of the absence of infection on 9 U 
and I P U being due merely to geographical position was raised, but as infected 
thrips occur round the edges of 9 U this does not appear to be a likely factor. 
Spreading from one plot to another must occur by means of wind and 
mechanical agents, but this cannot take place to any extent in view of the 
definite difierences between adjacent plots. 
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(d) Parasites other than the nematode 

Unidentified Trombidium larvae have been found firmly attached to the 
hind coxa of a number of specimens of Aptinothrips rufus during the late 
spring. Ten were found in May and one in mid- July. In no instance did they 
appear to have exerted any malign influence on the host. The ovaries appeared 
normal and the insects healthy and active. 

Spores of an unidentified fungus were found in the body cavity of A. rufus. 
Thirty-four insects were found to be infected: sterility seems to result. 

5. Discussion 

The observations made on the thrips population over a short period in- 
dicate that parasitism by the nematodes does not appear to exert a profound 
influence on the abundance of the insects. 

The eflfect of the parasite on individual insects suggests that the next step 
in the investigation should be the culturing of the nematodes in hanging drops. 
This presents numerous difficulties which, however, should not be insur- 
mountable. If the free-living female nematodes could be obtained thus it 
should be possible to infec^t larval and pupal thrips and so gain information 
about the causes of sterility. This may be due to a toxin or it may be due to 
the absorption of protein by the nematode. According to Norris (1933, 1934) 
most adult insects need protein for the normal development of their genital 
products. 

Biological control extends over such a large field that, although Aptinothrips 
rufus is not itself of economic importance, much fundamental information 
might be gained by continuing the investigation along these lines. 

6. Summary 

1. Aptinothrips rufus Gmelin is abundant on the grass plots of the classical 
field Park Grass at Rothamsted Experimental Station. Sampling has been 
carried out for 2 years on a number of the plots and population counts have 
been made. 

2. A. rufus is parasitized by AnguiUulina aptini (Sharga). Some experi- 
mental work on the biology of the nematode has been carried out. 

3. The nematode is rarely found on two of the plots and this difference in 
distribution was found to be constant during 1933 find 1934. There is a very 
rank growth of Hohtui lanatus on these two plots and the coarseness of this 
growth appears to exert an unfavourable effect on the nematodes. Infected 
insects have been bred on a less sturdy growth of H. hmilus under greenhouse 
conditions. 

4. An account is given of other factors which might affect the distribution 
of the nematode. 



192 Ecologictd Study of a Thrips and its Nematode Parasite 


ItEPEBENCES 

Arrhenius, O. (1921). “The influence of soil reaction on earthworms.” Ecology, 2: 2.')5“7. 

Bovien, P. (1932). “On a new nematode, Scaimema wiilkeri gen. et sp.n., parasitic in the body 
cavity of ScaU)pse fuscipes Meig. (Diptera Nematooera).” Vidensk. Medd. Naturh. Foren. 
Kbh. 94; 15-32. 

Brenchley, W. £. (1924). “Manuring of grass land for hay.” London. 

Chandler, A. G. (1925). “Soil acidity and survival of hookworm larvae.” Indian Med. Gaz* 
60: 462-4. 

Bmmert, E. M. (1931). “The effect of soil reaction on the growth of tomatoes and lettuce, and 
on the nitrogen, phosphorus and manganese content of the soil and plant.” Bull. Kentucky 
Agric. Exp. Sta. 314: 1-83. 

Glaser, R. W. (1932). “Studies on Neoplectana glmcrif a nematode parasite of the Japanese 
beetle.” State of New Jersey Circ. Dep. Agric. Bur. Plant Industry, 211; 1-34. 

Godfrey, G. H. Sc Hagan, H. R. (1933). “Influence of soil hydrogen ion concentrations on 
infection by Heterodera radkkola (Greef).” Soil Sci. Balt. 35: 175-84. 

Goodey, T. (1930). “ On a remarkable new nematode, Ti/lcnchkiema oscAnellaCf gen. et sp.n,, 
parasitic in the frit-fly, Omrtdlafrii L., attacking oats.” Phil. Trans. B, 218: 315-43. 

Goodey, T. (1933). “ Plant parasitic nematodes.” London. 

Knechtel,W.K. (1923). “Thysanoptere din Romania. Studin monografic.” Bull. Minist. Agric., 
Bucure^ti, 2- 3: 1-235 and Suppl. 8. Bucharest. 

Lapage, G. (1933a). “ (Cultivation of infective nematode larvai'. on cultures of BaciUua coliJ' 
Rep. Univ. Cambridge, Inst. Animal Path. 3: 237-71. 

Lapage, G. (1933b). “ Cultivation of parasitic nematodes.” Nature, 131 : 583. 

Lawes, J. B. Sc Gilbert, J. H. (1880-1882). “Agricultural, botanical, and chemical results of 
experiments on the mixed herbage of permanent meadow, conducted for more than twenty 
years in succession on the same land.” Roth. Agric. Chem. (Sci.) Mcmi. No. 2: 289. 

Lysaght, A. M. (1936a). “A note on the adult female of Anguillulhia aptini (Sharga), a 
nematode parasitising Aptimihrips rufm Graelin.” J^arasitology, 28; 290-2. 

Lysaght, A. M. (1936b). “A note on an unidentified fungus in the body cavity of two thysan- 
opterouB insects.” Parasitology, 28: 29,‘M. 

Norris, M. J. (1933). “Contributions towards the study of insect fertility. II. Expriments on 
the factors influencing fertility in Epimiia kuhtidla (Lepidoptera, Phycitidae).” Proc. Zool. 
Soc. Lond : 903-34. 

Norris, M. J. (1934). “Contributions towards the study of insect fertility. 111. Adult nutrition, 
fecundity, and longevity in the genus KpJmita (Lepidoptera, Phycitidae).” Proc. Zodl. Soc. 
Lond. 333-60. 

Priesner, H. (1928). “ Die Thysanopteren Europas.” Vienna. 

Pussard-Radulesco, E. (1930). “Recherches biologiqucs ot cytologiquos sur quelques Thysan- 
opt^res.” Ann. Epiphyt. 16: 103-88. 

Radulesco, E. (1930). “Quelques observations hiologiques sur Party notkrips dracamae Heeg. 
et Aplwothrips emtnatkomis Czel.” Rev. Path. Veg. Knt. Agric-. 17: 24-8. 

Russell, H. M. (1912). “The bean thrijis.” Bull. U.S. Bur. Ent. 118: 1-45, 

Sharga, U. S. (1932). “A new nematode, Tylemhim njdini n.sp., parasite of Thysanoptera 
(Insecta: Aptinothrips rufus Gmelin).” J*ara8itologj% 24: 268-79. 

Sharga, U.S. (1933). Biology and life history of Ltmothrtpa cereaUmn llaliday and Aptinothrips 
rvjus Gmelin feeding on Gramineae.” Ann. App. Biol. 20: 308-26. 

Sharga, U. S. (1933). “On the internal anatomy of some Thysanoptera.” Trans. Ent. Soc. 
Lond. 81: 185-204. 

Smith, A. M. (1929). “Investigations on Ihkrofkra Hrkwhtn in Lancashire and Cheshire: 
Part II. 'fhe relationships l^etween degree of infestation and hygroscopic moisture, loss on 
ignition and pH value of the soil.” Ann. App. Biol. 16 : 340-6. 

TrifBtt, M. J. (1934). “Experiments with the root accretions of grasses as a possible means of 
eliminating JIderodera schcu'Mi from infected soil.” J. Helminth. 12: 1-12. 

Uzel, H. (1895). “Monographie der Ordnung, Thysanoptera.” KSniggratz. 472 pp. 

Zwaluwenburg, R. H. van (1928). “The interrelationships of insects and roundworms.” 
Bull. Hawaii Sug. Ass. Ent. Scr. 20; 1-68. 



[From THE ANNALS OF APPLIED BIOLOGY, Vol. XXIV, No. 2, 
pp. 356-368, May, 1937.] 

[All rights reserved.] 


PBIKTBD IN GREAT BRITAIN 



356 


METHODS OP INVESTIGATING THE BIONOMICS 
OF THE COMMON CRANE-FLY, TIPULA 
PALUDOSA MEIGEN, TOGETHER 
WITH SOME RESULTS 

By H. F. BARNES, M.A., Ph.D. 

Entomology Department, Rothamstcd Experimental Station 

(With Plate XXVIl) 


CONTENTS 

PAGE 

I. Introduction 366 

II. The methods used to obtain the preliminary stock material . . 366 

III. Method used in nearing adult crane-flies from full-grown larvae . 358 

IV. The handling of the adult crane-flies 368 

V. The care of the eggs 362 

VI. The rearing of the early larval instars .... . 366 

VII. Summary 367 

Explanation of Plato XXVII 368 


I. Introduction 

It was desired to incorporate the study of the common injurious crane- 
fly, Tipula pahdosa Meigeii, into the “Studies of Fluctuations in Insect 
Populations ” carried out by the writer in recent years (i). A consideration 
of the means whereby this could be done revealed the fact that the 
present state of knowledge of the bionomics of the crane-flies was in- 
adequate, especially as regards the identification of the immature stages. 
It was therefore decided to start a study of the bionomics of the more 
common and injurious species. The present paper deals with attempts to 
find suitable methods and the results obtained. 

II. The methods used to obtain the preliminary 
stock material 

As a preliminary to starting pure stocks from adult crane-flies, larvae 
were obtained by watering grassland, known to be infested, with an 
emulsion of orthodichlorobenzene. ^ This is a well-known method and 
very simple to use. The appropriate solution is applied with a watering- 

1 The St Ives leatherjacket exterminator, an emulsion of orthodichlorobenzene and 
Jeyes fluid, was used at normal strength, applying it at the rate of 1 gaUon per sq. yard. 
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can with rose to the turf and in a few minutes the larvae (leatherjackets) 
come to the surface. If they are not collected within about 10 min., they 
burrow again back into the soil. 

The site selected was the strip of lawn (80 yards long by 1 yard wide) 
alongside the ditch and hedge running roughly north and south in the 
home apiary at the Rothamsted Experimental Station, Harpenden. This 
area was divided into ten randomized blocks of 8 sq. yards, 1 sq. yard per 
block being treated each week for a period of 8 weeks, in order to obtain 
an adequate idea of the distribution of the larvae in the site selected. 

The period of the year chosen for the treatment was based on the 
fact that Tipvh palvdom is known to be on the wing from July until 
September. The sampling was started on 13 May and ended on 29 June. 
The numbers of larvae obtained each week are shown in Table I. Full 
details of the numbers obtained per sample are omitted. However, 
Mr W. G. Cochran of the Statistical Department, to whom the writer is 
indebted for the lay-out of the plots, has examined the data and found 
that the sampling was sufficiently accurate to detect a difference from 
year to year of +30 per cent in the total population of the 80 plots. 
Towards the south and more shady end of the grass strip a definite 
increase in numbers was found. 

Table I 

Number of leatherjackets obtained 13 May to 29 June 1936 
by orthodichlordfenzene method 



Number of 

Date of 

leatherjackets 

sampling 

obtained 

13, V. 36 

127 

19. V. 36 

91 

26. V. 36 

45 

2, vi. 36 

39 

9, vi. 36 

21 

16. vi. 36 

16 

22, vi. 36 

10 

29. vi. 36 

22 


It will be seen that the numbers of larvae obtained steadily decreased 
from the first application of the emulsion. From this it is suggested, after 
studying the dates of emergence of the adult crane-flies (16 August to 
14 September) and allowing for a 3 weeks pupal period,^ that the larvae 
of T. paludosa are not susceptible to this treatment for a period of at 

» Oldham states {Proc.. R.phyt. Soe. Edinb. xxi, 1929, pp. 217-62) that the pupal i»riod 
of T. palvdosa averaged 10 days (max. 13, min. 8), while Balachowsky ( Lu Iruecta nuimbles 
ottx pbnUe$ euUivia, i, 1936, p. 866) states 3 weeks. Probably the period is nearer 2 weeks 
than 3, 
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least 6 weeks prior to pupation, though this needs to be checked by 
further experiments. In other words, it is suggested that the curve of 
numbers of larvae obtained by the treatment in this particular instance 
is a picture of the numbers of larvae becoming non-susceptible to the 
treatment and also a curve parallel to that of pupation. 

III. Method used in rearing adult crane-flies 

FROM FULL-GROWN LARVAE 

A week previous to the first sampling, ten small flower pots were 
sown heavily with wheat and in each successive week a further ten pots. 
It was thus possible to place the larvae from each sample (square yard) 
immediately in a pot of germinating wheat. Originally it was intended 
to preserve half the larvae from each sample for future examination 
and only rear the remaining half. Actually all the larvae obtained in the 
first week were preserved, all those caught in the last week were put to 
breed, while on the remaining occasions about half were preserved and 
half put to breed. In all 146 larvae were put to breed. 

The larvae before being placed on the surface of the soil in these pots 
were washed in water to remove any of the orthodichlorobenzene 
emulsion. Very quickly they burrowed into the soil. A muslin cage 
was put over each pot and the pots were kept moist in an outdoor 
insectary. 

Seventy-four T. palvdom and one jT. pagana Meig.^ emerged giving a 
51 per cent emergence of the larvae originally put in. It was known that a 
good many larvae escaped from the cages tlirough the hole at the bottom 
of the flower pot. Therefore the pots were examined in November to 
ascertain how many larvae had died. Only three dead pupae and one 
dead larva were found. It is obvious that even allowing for larval 
cannibalism which probably took place, far more than 61 per cent of the 
larvae remaining in the pots successfully emerged. 

IV. The handling of the adult crane-flies 

These breeding cages were examined at least once a day. As soon as 
crane-flies emerged, they were taken out of the muslin cages and kept 
separate in glass tubes, 8 by 1^ in., plugged with cotton-wool. Each day 
these tubes were examined and if it were judged desirable a drop or two 
of water was allowed to trickle down the inside of the tube. The crane- 
flies drank this water greedily. 

^ Kindly idontilied by Dr F. W. Edwards. It is the only British Tipula with abbreviated 
wings in the female and is a common autumn species. 
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It was found that m no case (out of 74 emergences*) did emergence 
take place after 10 a.m. (Greenwich Sun Time). No difference in time 
was detected m the emergence of the males and females, although it is 
highly probable that the majority of the males emerge each day before 
the majority of the females. ^ 


The dates of emergence of both sexes, the dates on which the in- 
dividuals died and the living population for each day are shown in 
Table II. All the crane-flies emerging were T. paludosa, with the 
solitary exception of one female T, pagana that emerged on 9 November. 
The dates of sampling would to some extent be responsible for this. 
During sampling for the larvae, empty pupal eases of Tipulids were 
sometimes noticed protruding from the soil and tliese were nrobablv 
those of r.ofefoceaL. ^ ^ 


Table II 


Date 


Aug. 17 
18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

Hept. 1 
2 

3 

4 
6 
6 

7 

8 
9 

10 

11 

12 

13 

14 


Rise and fall in numbers of living T. paludosa, 1936 {from 
emergence data and longevity trials) 


Females 


Emerged 

Dead 

Population 

Date 

Emergefl 

Dead 

Population 

1 

— 

1 

Aug. 17 

— 




— 

— 

1 

18 

1 



1 

1 

— 

2 

19 





1 

— 

— 

2 

20 





1 

— 

— 

2 

21 

— 



1 

1 

— 

3 

22 





1 

2 

— 

5 

23 

— 

1 

0 

1 

1 

5 

24 

— 


0 

3 

2 

6 

25 

2 



2 

— 

— 

6 

26 




‘> 

3 

— 

9 

27 

2 



4 

2 

— 

11 

28 

1 

1 

4 

4 

— 

15 

29 

— 

1 

3 

5 

3 

17 

30 

3 

1 

T) 

2 

2 

17 

31 

8 

1 

12 

5 

1 

21 

Sept. 1 

2 

— 

14 

4 

4 

21 

2 

1 

1 

14 

6 

3 

23 

3 

1 

3 

12 

1 

1 

23 

4 

1 

2 

11 

1 

2 

22 

5 

3 

1 

13 

1 

1 

22 

6 

— 

1 

12 

— 

5 

17 

7 

— 

6 

6 

— 

3 

14 

8 

2 

2 

6 

— 

3 

11 

9 

— 

2 

4 

— 

4 

7 

10 

— 

2 

2 

— 

2 

5 

11 

— 

1 

1 


2 

3 

12 



1 

0 

— , 

2 

1 





— 

1 

0 






* In Table II 42 males and 27 females are dealt with : in addition 2 males were found 
emerged and eaten by spiders, 2 emerged and later escajied from the glass tubes in which 
they were being kept, and 1 female was killed immediately it emerged. 
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Out of 74 emergences, 46 were males and 28 females. Oldham (loc. ciL) 
obtained 7 males and 16 females out of 23 emergences. Pinchin & 
Anderson (2) reported that of 1292 T, paludosa caught in a light trap in 
1933 and 1934 at Rothamsted 76*7 per cent were males. The excess of 
males over females in this latter instance is probably due to the diiBfer- 
ential response of the two sexes to the attraction of light. Although 
these workers found that on the whole in the Tipulinae males pre- 
ponderated in the light trap, in three species, T, oleraceay T. obsokta and 
T. Tmrmorata^ with which they dealt, the percentage of males caught was 
lower than that of the females. There is not sufficient data available to 
determine accurately the proportion of the males and females on the 
wing. 

It will be seen from Table II that the dates of emergence of the males 
are slightly before those of the females, though the numbers are too low 
for generalizations to be made. It can, however, be safely postulated 
that when the living population of crane-flies is at its height, the peak of 
emergence is past. From the records kept, the average longevity of the 
males was 7 days (max. 14, min. 1) and that of the females 4-6 days 
(max. 10, min. 1) (see Table III). 

Table III 

Longevity of adult T. paludosa in experimerU 


Number of 

Number of 

Nural)er of 

days alive 

males 

females 

1 

1 

1 

2 

1 

3 

3 

4 

3 

4 

5 

7 

5 

5 

3 

6 

2 

3 

7 

6* 

4 

8 

10 

1 

9 

2 

1 

10 

4* 

1 

11 

1 



12 

1 



13 

1 



14 

2 




* One individual in each of these groups escaped before it died. 

When it was desired to pair up individual crane-flies a male was 
transferred from its own tube to one containing a female. Pairing took 
place in most cases immediately, but occasionally it was found that a 
freshly emerged male would not pair. Pairing was generally allowed to 
take place at about 10 a.m. g.s.t. and lasted for about 2 hours. As soon 
as it was finished the male was taken out of the tube and the female left 
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alone. In some instances, no eggs were laid after the first mating so the 
females in question were allowed to mate again; in others, the females 
only laid a few eggs after the first mating. Apparently one coition is 
sufficient to ensure fertilization of all the eggs, but the insects, particularly 
the males, are not averse to more than one mating. 

Table IV 


OviposUion of T. paludosa, 1930 


Female tag ... 

62 

74 

51 

61 

71 

59 

7 

5 

62 

6 

50 

42 

9 

Date of emergence 18.viii 

25. viii 

27. viii 

27. viii 

28. viii 

90. viii 

90.viii 

90 viii 

91.viiJ 

9l.viii 

91. viii 

91. viii 

i 91. viii 

19. viii 

37 

— 

—■ 

— 

— 

— 


— 










20. viii 

144 

— 

— 

— 

— 

— 

— 

— 









21. viii 

61 

— 

— 

— 

— 

— 

__ 

— 

— 

_ 







22, viii 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

__ 





2;i. viii 


— 

— 

— 

— 

— 


__ 

~ 

— 






24. viii 

— 

— 

— 


— 

— 

— 

— 

— 

— 

— 





25. viii 


49 

— 

— 

_ 

— 

— 

_ 








20. viii 

— 

312 

— 


— 

•— 

_ 



— 

— 




27. viii 

— 

— 

— 

— 

— 

— 

— 

— 

... 

— 







28. viii 

— 

— 

240 

281 

— 

— 

— 

— 

... 

_ 






29. viii 

— 

— 

18 

— 

81 

— 

— 

— 

_ 









90. viii 

— 

__ 

__ 

— 

92 

toi 

140 

219 

— 

_ 

__ 





91. viii 

— 

— 


— 

— 

;i5 

— 

_ 

292 


.T)9 

216 



l.i.v 

— 

— 

— 

— 

— 

12 

— 

- 

47 

— 

52 

— 

260 

2. k 


— 

— 

— 

— 

19 




71 

— 

— 

1 

4 i\ 

- 

- 

- 

1 


- 



- 

-- 


- 

49 

0.ix 

— 

— 





— 


— 

- 

— 

— 



7.ix 

— 

— 

— 

— 

— 


— 


— 

121 

— 


— 

8. ix 

9. h 

10 i\ 






= 

= 

- 

-- 




— 

11.' i\ 

242 

361 

258 

281 

179 

170 

116 

261 

279 

195 

411 

216 

910 

Female tag ... 

78 

39 

32 

58 

61 

70 

CiO 

80 

15 

6 

97 

58 

Daily 

Datenf emergence 

91. viii 

l.ix 

l.ix 

2 i\ 

5 ix 

8 ix 

8 i\ 

2.'t viii 

91 viii 

91, nn 

5. IX 

5. IV 

Uital 

19 viii 












_ 

— 

_ 

— 



97 

20. viii 










_ 

_ 

— 


- 

— 

— 

144 

21. viii 

— 



— 


— 

— 


— 

— 

__ 

— 

61 

22 viii 

— 

— 

— 

— 

— 

— 

— 

— 


— 

— • 

— 

0 

29. viii 



— 



— 



— 

- 

— 


0 

24. viii 









— 

. — 

— 

— 

— 

— 

— 

0 

25. viii 














49 

— 


— 


98 

2li viii 

— 









— 

— 

0 

— 

— 

— 

— 

918 

27. viii 













_ 

— 

— 

— 

— 

— 

0 

28 viii 















— 

— 


— 


521 

2<). viii 















— 

_ 

— 

— 

— 

9V) 

90. viii 












— 

— 

— 

- 

— 

557) 

91. viii 

81 











— 

— 


— 

— 


929 

l.ix 


283 



__ 



_ 

__ 

— 

— 

— 

— 

-- 

654 

2. ix 



51 

996 

182 



— 

— 

— 

— 

— 

— 

— 


9 ix 




1 








— 

— 

40 

— 

— 

47 

4.ix 

— 





__ 



— 

— 

— 

— 

-- 

91 

5 iv 

0. ix 

- 

- 


78 

979 

56 

- 

— 

— 

— 

__ 

— 

12 

469 

50 

7. ix 













10 

7 


-- 

108 

8. ix 









127 


— 

— 

— 

— 

— 

127 

9. ix 










:i07 

— 


■— 

12 


919 

10. ix 











— 

— 

— 

__ 

— 

0 

11. ix 

— 


4 






- 

— 



— 


4 


81 

334 

401 

260 

429 

127 

307 

55 

40 

47 

12 

12 

5406 
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The tubes containing the impregnated females were kept vertical 
with the wad of cotton-wool at the bottom and the curved end of the 
tube at the top. From 3 to 4 p.m. g.s.t. the females usually started 
ovipositing and were active throughout the evening. It will be seen 
later that oviposition took place freely in these tubes with a cotton-wool 
plug and occasional moistening with water. Rennie (3) stated that in the 
absence of soil he obtained no eggs. 

V. The care of the egos 

The eggs laid up to 7 p.ni. g.s.t. were taken out and counted each 
day. The oviposition of 25 females is given in Table IV in which the date 
of emergence of each female is shown as well as the number of eggs laid 
each day and the total number of eggs laid by each. The last five females 
in the table laid some eggs but in no case did any larvae hatch subse- 
quently. In the first 20 cases at least some hatching took place. 

Table V shows the number of eggs and the percentage of the total 
eggs laid by all the females (25) on the actual day of emergence and each 
subsequent day. It will be seen that about 45 per cent were laid the day 
the female emerged. As regular observations ceased each evening at 
7 p.m. G.S.T. and egg-laying went on all the evening up till 10 p.m. g.s.t. 
at least, this figure for the percentage of eggs laid on the day of emergence 
is too low. It is estimated that 75 per cent of the total eggs are laid by 
midnight on the actual day of emergence, leaving about 10 per cent for 
the second day instead of about 40 per cent shown in Table V. 

Table V 


Period of oviposition, T. paludosa, 1936 



Number of 

Percentage 


eggs laid 

of total 

Day of emergence 

2426 

44-9 

let (lay after 

2161 

39-9 

2nd „ 

342 

6-3 

3rd „ 

198 

3-6 

4th 

67 

1-2 

6th „ 

42 

0-8 

6th „ 

0 

0 

7th „ 

168 

3-2 

8th „ 

0 

0 

9th „ 

0 

0 

10th „ 

4 

01 


Each female was kept till it died and then pickled in 70 per cent 
alcohol and glycerine for future dissection to find out what proportion 
of her eggs had been laid. The results of these dissections are shown in 
Table VI. From this table it can be seen, that excluding the female that 



H. F. Barnes 363 

was killed, about 76 per cent of the possible eggs were laid, in 13 cases 
100 per cent, in 3 cases between 96 and 99 per cent, in 4 cases between 
64 and 76 per cent, and in 7 cases 26 per cent or below. 

This figure of 76 per cent of the possible eggs being laid is quite 
satisfactory and probably is higher than would obtain in a state of 
nature. 


Table VI 

Percentage of eggs hid by the females 



Date 


Eggg 

Eggs 


Female 

Kgg» 

unlaid (by 

laid 

Total 

1936 

laid 

difiHPftion) 

/o 

i^gga 

62 

18. viii 

242 

0 

100 

242 

78 

25. viii 

Killed 

423 

0 

423 

74 

25. viii 

361 

0 

100 

361 

80 

25. viii 

55 

153 

26 

208 

51 

27. viii 

258 

0 

100 

258 

61 

27. viii 

281 

2 

99 

283 

71 

28. viii 

173 

150 

54 

323 

53 

30. viii 

170 

0 

100 

170 

7 

m. viii 

146 

48 

75 

194 

5 

30. viii 

261 

82 

76 

343 

16 

31. viii 

40 

447 

8 

487 

62 

31. viii 

279 

0 

100 

279 

6 

31. viii 

195 

41 

83 

236 

50 

31. viH 

411 

0 

100 

411 

42 

31. viii 

216 

0 

100 

216 

9 

31. viii 

310 

0 

m 

310 

78 

31. viii 

81 

257 

24 

338 

6 

31. viii 

47 

1 

99 

48 

39 

1. ix. 

334 

0 

100 

.334 

32 

1. ix. 

401 

18 

96 

419 

58 

2. ix. 

260 

0 

100 

260 

62 

3.ix. 

0 

176 

0 

176 

47 

4, ix. 

0 

272 

0 

272 

37 

5. ix 

12 

65 

15 

77 

58 

6. ix. 

12 

112 

10 

124 ^ 

61 

5. ix. 

429 

0 

100 

429 

70 

8. ix. 

127 

0 

100 

127 

60 

8. ix. 

307 

0 

100 

307 


The actual numbers of eg^s laid per female can be seen by consulting 
Tables IV and VI. In Table VII is shown the frequency of the number 
of eggs laid as well as that of the total number of eggs per female. In 
2 cases no eggs were laid, in 4 cases under 50 and in 2 cases over 50 and 
under 100. Including all the 27 females allowed to oviposit, the average 
number of eggs laid was 200; if those 8 females (probably slightly mal- 
formed or ill-treated) which laid under 100 eggs are ignored the average 
is 272. This latter figure is considered nearer the true average. The 
average of the total number of eggs per female seems to lie between 250 
and 350, the range being from 48 to 487. 
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Table VII 

Number of eggs laid by T, paludosa, 1936 and total 
number of eggs fer female 



Frequency of 

* Frequency of 

Number 

number of 

total number of 

of eggs 

eggs laid 

eggs per female 

0 

2 

0 

1- 50 

4 

1 

6M00 

2 

1 

101-160 

2 

2 

161-200 

3 

3 

201-260 

2 

4 

261-300 

6 

5 

301-360 

3 

6 

361-400 

1 

1 

401-450 

3 

4 

461-600 


1 


The daily total of eggs obtained from 25 females can be seen on 
reference to Table IV (last column). These figures can be taken as a 
sample population of freshly laid eggs. By comparing these figures with 
the dates of emergence of the adult females (Table II) it is seen that on 
31 August most eggs were laid, while the crest of emergence of the females 
occurred on 31 August but most females were alive on 1 and 2 September. 
In other words, since the females live for some days after oviposition, it 
is highly probable that, when the greatest numbers of females (and both 
sexes as well) are seen on the wing, the majority of the eggs (i.e. peak of 
oviposition) has already been laid and also that the peak number of 
eggs in the soil will have occurred. Only approximate figures for the 
population of eggs from day to day are available as 100 per cent larval 
hatching did not take place and it was impossible to separate fertile from 
unfertile eggs. 

On removing the eggs each evening from the oviposition tubes they 
were placed after counting in solid watch-glasses (one per parent crane- 
fly) and kept moist by putting a drop or two of water actually on the 
eggs. The watch-glasses were placed in culture dishes in which there 
was water, the data being written in indian ink on the covers of these 
culture dishes. Thus the eggs were primarily kept moist by the water 
on them and, if this happened to dry unnoticed, the whole atmosphere 
inside the culture dish was still comparatively moist. These egg-con- 
tainers were kept on a shelf in the laboratory at room temperature 
(August to September). Mould in some cases crept in but did not become 
serious until after the larvae had finished hatching. 
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I ao-TCso-y’li'f ffno 


rs2s?:”" Mil 


8SSSJ;S3S'"- 


11 11 M I 11 11 11 M 


1 1 «.B.a.B.a.B b.b.b.b.b.b «««««« 


Total larvae 119 287 44 23 88 128 128 208 99 68 303 152 74 50 233 15 162 70 111 136 

% batch 49-2 79-5 17 1 8-2 50*8 75-3 87-7 79-6 35-5 34*8 73-7 70-4 23-9 61-7 69-8 3*7 62-3 16*3 87-4 44 3 
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VI. The rearing op the early larval instars 
The larvae started to hatch in all 20 cases between 11 and 16 days 
after the emergence of the parent female crane-fly (twice on the 11th day, 
6 times on the 12th, 8 times on the 13th, 4 times on the 14th and once 
on the 16th day after). Full details of the hatching can be seen by 
referring to Table VIII in which the numbers of larvae hatching daily 
can be seen and in the last column the total numbers hatching each day. 
The peak of larval hatiihing took place about 12 -16 September. The 
percentage hatches are also shown in this table. The frequency is shown 
in Table IX and, considering the method of keeping the eggs, these 
figures are fairly satisfactory. Roughly 46 per cent of the eggs obtained 
developed into larvae, 2498 larvae from 5408 eggs. 

Table IX 

Frequency of percentage larval hatch y T. paludosa, 1936 


Percentage hatch 

Frequency 

0 

5 

1- 10 

2 

11- 20 

2 

21- 30 

1 

31- 40 

2 

41- 50 

2 

51- 60 

1 

61- 70 

4 

71 80 

4 

81- 00 

2 

91-100 

0 


Each day the larvae which had hatched were taken from the watch- 
glasses and placed in Petri dishes, one for a single female progeny. These 
were kept moist and a variety of foods for the larvae were used. In the 
first instance a single germinating corn of wheat per Petri dish was used 
(PI. XXVII). The larvae fed on the roots and root hairs quite satis- 
factorily. The advantage of this food is that the head-capsules of the 
young larvae after ecdysis are easily seen. Chickweed, clover and pieces 
of cabbage leaves were also used with success. Slices of potatoes proved 
satisfactory as also did ordinary bran. Finally bran was chosen as the 
staple food and the head -capsules were floated out occasionally. 

Rapid growth took place and the first two instars were passed in 
roughly 14 days. As a check on the mortality of the larvae under these 
conditions, 11 Petri dishes were examined on 1 and 2 October in detail. 
Roughly 46 per cent of the larvae put in were recovered after this lapse 
of time as will be seen from Table X. It will be noted that the percentage 
recovery does not bear a direct relationship to the numbers of larvae 
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originally put in the Petri dishes and that it varies from 7 to 87 per cent. 
It is known that the mortality is partly due to two factors, the first being 
escaping larvae, the second cannibalism. The latter was very severe and, 
as soon as a larva was in rather poor condition for any reason, healthy 
ones attacked it and soon killed it. This was observed frequently. The 
problem of larvae escaping revealed an interesting fact. The lids of the 
Petri dishes did not fit close enough to prevent larvae getting out, but 
these larvae were always found dead and shrivelled on the white paper 
placed under each Petri dish. This paper was originally used to facilitate 
seeing the larvae, but it was more useful in catching th(^ escaping larvae. 
Apparently the escaping larvae could not withstand the dry conditions 
outside the breeding cages and succumbed before they could move more 
than a few inches. This great susceptibility to drought in the first two 
instars may be largely responsible for the common statement tliat mild 
wet Augusts and Septembers are advantageous to leather] ackets. The 
larvae can also be recovered as they escape by placing the Petri dish 
on a tripod standing in a dish of water. 

Table X 

Recovery of larvae from Petri dish l/reeding cages, 1-2, x. 36 (arranged 
in descending order of numbers of larvae originally pul in) 


Female 

Larvae 
put in 

Larvae 

recovered 

alive 

Percentage 

recovery 

50 

302 

161 

.^)3 

39 

228 

91 

40 

58 

161 

51 

32 

42 

151 

89 

59 

62 

98 

40 

41 

71 

88 

24 

27 

9 

74 

33 

45 

6 

68 

59 

87 

78 

49 

14 

29 

61 

23 

13 

57 

32 

15 

1 

7 


The larvae in the 3rd instar were fed satisfactorily on bran with 
pieces of cabbage leaves and seemed quite healthy. The experiment 
stopped at this stage. 

VII. Summary 

1. Full-grown larvae of Tipula palu^osa Meigen were obtained by 
application to the soil of an emulsion of orthodichlorobenzene, and it is 
suggested that the larvae become non-susceptible to this treatment about 
6 weeks before pupation. The larvae were reared in pots of soil containing 
germinating and growing wheat. 
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2. The adult crane-flies were kept in glass tubes for longevity trials 
which showed that on the average the males lived about 7 and the females 
4-5 days. Mating and oviposition took place in these tubes. 

3. Twenty-seven females laid 5408 eggs, averaging 200 each. About 
46 per cent of the eggs were laid the day the female emerged and 40 per 
cent the first day after. It is believed that these figures are too low as 
the regular observations stopped at 7 p.m. g.s.t. and it is suggested 
that 75 per cent of the eggs are in reality laid by midnight on the actual 
day of emergence and 10 per cent on the first day after. The eggs were 
kept damp in solid watch-glasses which were stood in water in culture 
dishes. 

4. It is shown that by the time the peak of crane-flies on the wing 
has been reached, the peak of eggs in the soil will already have been 
passed. 

6. Hatching took place 11-15 days after the emergence of the parent 
crane-fly, 2498 hatching from 5408 eggs. The young larvae were kept in 
Petri dishes and fed on wheat rootlets, clover or chickweed leaves, pieces 
of cabbage leaves, slices of potato or bran. By the time the 3rd instar 
was reached about 54 per cent mortality had occurred, chiefly owing to 
larvae escaping and cannibalism (576 survived out of 1257). This stage 
was reached in roughly 14 days, 

6. The breeding potential was as follows: 51 per cent of the nearly 
full-grown larvae emerged as adults (this figure is low because of the 
number of larvae escaping) ; 75 per cent of the available eggs were laid by 
the females; 46 per cent of the eggs laid hatched, and 46 per cent of the 
larvae survived the first two instars. In other words, under the con- 
ditions of the experiment, on the average, one female crane-fly laid 
200 eggs, 92 larvae hatched and 44 survived the first two instars. 
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I. Introduction and methods 

The following paper deals with the morphology and bionomics of the 
asparagus miner, Melanagromyza simplex H. Loew as studied at Har- 
penden, Herts. This is an agromyzid fly whose larvae mine in the stems 
of asparagus. It must not be confused with the asparagus fly, Platyparea 
poeciloptera Schrank, a trypetid whose larvae bore in the stems and are 
a serious pest on the continent of Europe. 

I am indebted to Dr C. L. Walton of the Long Ashton Research 
Station for drawing my attention in the first instance to the miner, 
following the receipt by him of puparia from the Evesham asparagus- 
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growing area. A short joint note concerning the insect was written in 
1934(1) and since that time the present writer has been in sole charge of 
the investigation. Mr J. E. Collin has kindly identified the miners and 
Dr Ch. Ferrifere has similarly identified the parasites. Sir John Russell, 
the Director of Rothamsted Experimental Station, has allowed free 
access at all times to his asparagus beds and without this the work could 
not have been done. Mr V. Staiisfield is responsible for the photographs, 
while Dr F. M. L. Sheffield took the photomicrographs of the eggs and 
larvae. 

The part of the paper relating to the bionomics of the miner consists 
essentially of an observational field study supported by a few insec>tary 
breeding experiments. Usually, investigations of this nature tend to 
consist of insectary experiments supported by a few field observations. 
In the present instance beds of asparagus in the grounds of Laboratory 
House, Harpenden, were kept under close observation and fresh material 
was collected periodically. All the main processes of life, such as mating, 
oviposition and growth were watched out-of-doors. 

Ordinary breeding apparatus consisting of pots and muslin or cello- 
phane cages were used for the inaectary side of the investigation. 

Tlje eggs were mounted in Dc Faure’s fluid, while larvae were mounted 
ill several ways: in De Faure's fluid, glycerine jelly, euparal and in bal- 
sam. The usual methods of clearing by potash and of staining by carbol- 
fuchsin were also used. 

II. History and identification 

The agromyzid in question was first discovered and described in 1809 
by H. Loew(iu) occurring in Pennsylvania, New Jersey and New Y^ork 
in North America. It was not, however, until 1898 that its host plant 
was suggested by Chittenden (2) to be asparagus. He had caught the 
flies on asparagus plants in 1897 at Cabin John, Maryland. Previously, 
however, Sirrine(2a) had found the puparia under the epidermis of 
asparagus in 1896 and reared the flies, thus partially working out the 
life history. He gave it the name “asparagus miner'’. In 1907 Chitten- 
den (3) issued a bulletin in which he traced the distribution of this miner 
in the United States of America and the same author's circular()) is a 
revised reprint of this bulletin. The most comprehensive study of the 
insect in America is that by Fink(ii). Numerous United States records 
are cited in this bulletin and Fink stated that at that time the miner 
was widely distributed wherever asparagus was grown in the eastern 
part of the United States including the States of New York, New Jersey, 
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Pennsylvania, Maryland, Connecticut, Massachusetts, Long Island, 
District of Columbia, Tennessee, Virginia and California. This study of the 
miner remains the most useful reference work and the illustrations of 
all stages are good, particularly those of the adult flies. Drake & Harris (lO), 
later mentioned it as occurring in Iowa. 

In Europe, the insect was discovered as a pest of asparagus at much 
the same date as in America. 8ajo(i8, 19) found it in central Hungary but 
identified it as MeUmgromyza niaura Meigen. This was in error as fmura 
Meigen is a distinct species from simplex H. Loew and its host-plants are 
various species of Solidago and Aster amdlus according to Hendel(i3) in 
Lindner (1931). 6iard(i2) then recorded Mektnagrornyza simpkx from 
France in 1904, while Lesne(i5) gave further notes on its habits in 
France. Collin(5) next reported it in England in 1911. Sorauer(2i) also 
mentioned it in his Hanibuch in 1913 and uses figures from Chittenden, 
though in a later edition (1928) (22), on pp. 29 and 30, M, simplex was 
confused with Phtyparea poedloptem and actually Fink’s figures of 
simplex were used to illustrate the remarks on poeciloptera. It was then 
stated that the latter fly is found in North America and had two genera- 
tions a year there. This is incorrect. In dealing with MeUnmyromyza 
simplex the letterpress and figures were, on the other hand, correct. 
Dingier (6, 7, s, 9) dealt with M, simplex as an insect of asparagus in Ger- 
many, but stated that, at present, it cannot be considered to be a pest as 
it is rare. 

The synonymy of M, simplex is as follows: 

simplex H. Loew (lS^9)=^maura Sajo (1896) (nec maura Meigen). 

III. Morphology 
(a) TUegg 

The egg (PI. XXXVI, fig. 1) is bruadly cylindrical, slightly flattened at the fnicro- 
pylar end and slightly |)ointed at the other. It is between 2 and 2\ times as long as 
broad and measures about 0*48 nun. in length and about 0-22 mm. at its widest 
point. No sculpturing nor reticulation has been observed on the chorion. The micro- 
pyle is obvious at the more blunt end of the egg which is placed farthest in the tissue 
of the plant, the pointed end being towards the surface. The egg is entirely inserted 
in the plant tissue, the long axis of the egg being about 45° to the horizontal. 

(6) The larva 

Ut instar. The newly hatched larva (PI. XXXVI, fig. 2) is of peculiar shape and 
appears to bo metapneustic. The total length of the larva is about 0-4 mm. when 

taken out of the plant tissue and so relieved of the pressure which causes an elongation 
to take place. 
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The oephalo-phaiyngeal skeleton is veiy prominent and brownish yellowMn 
colour. Its total length is about 0*2 mm. or about half the length of the whole larva 
on hatching. On the mandibular sclerites, the actual mouth-hooks have a slightly 
serrated appearance. At the bases of the latter there is a darker rounded portion, 
while the posterior ends of these sclerites, which may be fused accessory sclerites, are 
also heavily chitinized. There is a trace of the dentate sclerite. The pharyngeal 
sclerite, completely fused with the intermediate or hyi) 08 toraal sclerite, is long in 
proportion to larval length on comparison with those in the latter instars. Its anterior 
process, including the intermediate sclerite, is about two-thirds the length of the whole 
sclerite. The doi-sal processes are slightly longer than the ventral process and are 
slightly broader than the anterior process. The main chitinized portion of the ventral 
process is considerably narrower than the anterior process, but chitinization has only 
taken place in a narrow strip along its basal margin and to a less extent in a separate 
median and dorsal area. 

2nd instar. The second instar larva (PL XXXVI, fig. 3) is about 2 inm. long. The 
shape is elongate, the larva being about four times as long as broad. The ealco- 
spherites, typical of agromyzid larvae in general, are now con8])icuous in the fat bodies 
and are clearly visible in the illustration. These bodies start forming in the later part 
of the 1st instar. 

The ccphalo- pharyngeal skeleton is about 0-4 mm. long. It is now much more 
heavily chitinized and almost black in colour. The mouth-hook has a large apical 
tooth and two smaller on(‘s of about equal size, although the middle tooth shows 
indications of stronger d<‘vel()pment. The ventral process of the i)haryngeal sclerite is 
less heavily chitinized than the rest, but decidedly more so than in the Ist instar. 
The proportions of the lengths of the anterior process and the whole sclerite are now 
reduced, the anterior process being slightly less than half, whereas in the j>reviou8 
instar it is about two-thirds. Othei^ ise there is not much difference in the cephalo- 
pharyngeal skelton of the first two instars. 

I’lie larva is now ainphipneustic and remains so for the rest of its life. Both the 
anterior and posterior spiracles are stalked. 

3rf/ instar. The 3rd and last larval instar (PI. XXX V’l, fig. 4) is about 3-5 mm. long 
and of about the same jwoportions as the 2nd instar. The fat bodies are crammed with 
a large number of calcospherites. 

The cephalo-pharyngeal skeleton is now nearly 0-9 mm. in length and black 
through heavy chitinization. The mouth-hook has a large and sharp apical t(X)th and 
a middle t(K)th which is also jjointed and decidedly larger than the basal one whicli is 
very small in com|)arison. In this instar the anterior process of the pharyngeal 
sclerite has become differentiated as the intennediate sclerite which is blunt-ended 
at both ends, broader distally and completely separated from the phaiyngoal sclerite. 
On the latter there are no lateral processes. The intermediate sclerite (in the two 
previous instars the anterior process of the pharyngeal sclerite) is distinctly less than 
half the length of the intermediate and pharyngeal sclerites. There is no antt^rior 
process of the pharyngeal sclerite. 

It has been suggested to the writer that the jKisterior spiracles in this stage are 
reminiscent of the polypneustic fonn which occurs in the Hip|X)bo8cidae. Both pairs 
are stalked and are very prominent in this last instar. A detailed study of them as 
well as of the spiracles in the other instars would be of interest. 
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In this instar a band of outicular processes is prominent on each segment ventrally ; 
in the previous instar they are not nearly so obvious. Each of these bands on the 
abdominal segments consists anteriorly of a row or two of large tooth-like processes 
pointing forwards, then a middle area covered with small processes pointing upwards, 
and posteriorly a row or two of large tooth-like processes iwinting backwards. The 
exact number of rows seems to vary on the different segments. On the prothoracic 
segment there are rows of fine cuticular processes, the anterior row pointing forward, 
the remaining ones directed backwards. 

Characters for the separation of the three larval instars. The different instars are 
easily recognized and the most obvious characters used in their sej)aration are shown 
in Table 1. The characters, besides being (ihecked by an examination of many larvae, 
have been confirmed by finding and mounting larvae in the actual process of moulting. 

Table I 

Characters for the separation of the thres larval instars 

1st instar 2nd instar 3rd instar 

Anterior SfMraclcs Absent Present Present 

Mouth-hook Serrate One large and two One large, one medium 

small teeth and one insignificant 

tooth 

Length of anterior pro- Two- thirds I^ess than half Nil 

cess of pharyngeal 
Bclerite compared with 
total length of pharyn- 
geal Bclerite 

Intermediate sclerito Fused as anterior Fused as anterior Differentiated and se- 

processofpharyn- process of pha- parate 

geal sclerit(5 ryngeal sclerite 

(c) The puparium> 

The puparium {PI. XXX VH, figs. 1-3) is light to dark brown in colour and about 
4 mm. in length; it is highly reminiscent of the ‘‘flax seed” of the Hessian fly. It is 
flattened dorso-ventrally. At each end is a pair of hooks by means of which it remains 
attached to the asparagus st(‘m even when the latter is firmly shaken. 

The adult fly 

The adult fly (PI. XXXVII, figs. 4-6) is a small, exceedingly shiny and entirely 
black insect, 2i-3.\ mm. (nearly I of an inch) in body length. The female has a 
rounded abdomen and takes up a characteristic position of rest in which the wings are 
placsed flat across the body with their i)osterior margins just separated. Fink (11) 
(Fig. 127) illustrated this well. In PI. XXXVII, figs. 4 and 6 the abdomen has shrunk 
aft(‘r death. The wings an- glistening. Fink (11) stated that one of the striking features 
in the adult was the picture of a fac^e on the thorax but the present investigator has 
not seen this. 
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IV. Distbibution 

Apparently the first record of this fly’s occurrence in England is that 
of Collin (6) in 1911, who stated that he had taken it only by sweeping 
over asparagus beds in Suffolk in July and early August. The next 
published record was that of Barnes & Walton (i) who reported its occur- 
rence in the Evesham asparagus area and in a garden at Harpenden. 
They also recorded that Mr A. H. Hamm had captured it at Oxford in 
1917 and, in addition, that Dr H. W. Miles had sent asparagus stems 
containing puparia from Formby, Lancs, and Mr 6. Fox Wilson had 
found puparia at Wisley, Surrey. Since then the present writer has 
found puparia in asparagus stems sent during 1934 from Godmersham, 
Kent (H. F. B.); Chickerell, Dorset (C. S. F.); Downham, Norfolk 
(E. R. P.); Williton, Somerset (J. R.); Marlborough, Wilts (G. P.); and 
Nottinghamshire (A. R.). It would thus appear reasonable to suppose 
that the miner is generally distributed throughout this country. 

Abroad, it has been recorded from Hungary, France, Germany and 
the United States of America. Its comparative unimportance as a pest 
has probably precluded it from being reported in other countries. For 
more details as to its distribution abroad reference should be made to 
the section of this paper dealing with its history. 

V. Bionomics 

(a) Emergence, mating and oviposition 

Emergence can easily be made to take place during the winter months 
by keeping the puparia in a warm room. For example, puparia collected 
during September 1933 at Harpenden were placed on sand and kept in 
the laboratory. The flies started emerging on 23 December and continued 
spasmodically until 1 August 1934, This long period of emergence was 
probably due to the careless way in which the puparia were kept, 
especially as regards moisture. During February the flies lived indoors 
for from 7 to 9 days when fed on sugar solution. 

From material collected at the same time but kept in an outdoor 
unheated insectary the flies started emerging on 9 June 1934 and con- 
tinued until 16 July. From material collected on 2 July, flies of the 
second flight emerged between 24 August and 2 September. 

Out-of-doors at Harpenden in 1934 the flies were seen first on 4 June, 
with the largest numbers on 10 June and the last on 28 July. In 1935 
the equivalent dates were 9 and 29 June and 30 July. These dates refer 
to the first flight of flies only. 
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The second flight of flies in 1934 started on 6 August and the 
last was seen on 13 September. In 1935 this flight started on 
15 August. 

Mating was first seen out-of-doors in 1934 on 9 June and on 21 June 
in 1935. Other dates on which mating was observed in 1934 were 
10, 14, 15, 18, 21, 23 and 30 June, 1, 4, 5, 10 and 22 July. Among the 
second generation mating was observed on 5 and 18 August. Other dates 
in 1935 were 24, 26 and 30 June, 3, 5, 9, 11, 22, 24 and 29 July and 
17 August. This last date concerned flies of the second generation, 
while all the other dates relate to the first generation. In 1934 mating 
was first noted 5 days after the first fly was seen ; in 1935 mating was not 
seen until 13 days after the appearance of the flies. Fink(ii) stated that 
copulation usually begins 2-3 days after the females appear, the males 
appearing several days earlier. In 1912, a late cold season, the flies 
started emerging near Ithaca, New York, on 26 May. This date can be 
compared with 4 June in 1934 and 9 June in 1935, the dates on which 
the flies were first seen at Harpenden. 

Mating in the insectary was observed on 10, 11 and 14 June in 1934. 
Coition was seen on one occasion to start at 9.30 a.m. and continue until 
11.45 a.m., on another occasion it started about the same time and con- 
tinued until 12.45 p.m. Out-of-doors flies were usually seen mating 
during the morning and on one occasion at 7.45 p.m. 

Fink went on to state that oviposition begins 1- 2 days after mating. 
Observations at Harpenden showed that oviposition took place on 12, 
15 and 26 June in 1934 out-of-doors and in the insectary on 10 and 
11 June. It must be understood that these dates only refer to actual 
observations and no suggestion is made that mating, oviposition, etc. 
only took place on these days. Oviposition was seen to take place exactly 
in the manner Fink described and it may be useful to quote his words. 
“ Before beginning to oviposit the female is usually seen running up and 
down an asparagus stalk, searching with her proboscis for a suitable 
place in which to lay her eggs. After this preliminary test of the entire 
stalk, the female usually begins to oviposit at the base of the stalk at or 
near the surface of the soil; sometimes, according to the writer’s obser- 
vations, if the soil around the base of the stalk is loose the female even 
ventures below the surface as far as possible. She then takes up a position 
with her body parallel to the long axis of the stalk, and, bending her 
abdomen at almost a right angle to the stalk, begins to work her ovipositor 
into the epidermis. The ovipositor eventually pierces the epidermis and 
the egg is inserted just beneath it. The process of probing the stalk is 
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repeated after each egg is deposited.” All the points mentioned in this 
quotation have been observed by the present writer. 

The eggs when laid are extremely dilficult to find unless the female is 
watched and then the epidermis almost immediately peeled off at the 
puncture mark. The eggs arc completely inserted in the stem (PL 
XXXVI, fig. 1). At first white, the egg soon becomes almost trans- 
parent and apparently the same colour as the tissues of the asparagus. 

Oviposition has usually been observed on the flowering and shooting 
stalks and only occasionally on the cutting stems. No seed bed has been 
under observation, but Fink states that seedlings offer a place for the 
flies to oviposit. 

(b) Life cycle 

As has already been stated, the flies start ertierging at the beginning 
of Juno and continue until the end of July. Mating takes place a few 
days after emerg(mc.(‘. oviposition following quite quickly. There is a 
long period of emergence and consecjuently also of mating and ovi- 
position. No exact figures can be given for t he duration of the egg stage 
but larvae were first found out-of-doors in on 28 June, this being 
17 days after first finding the eggs. Fink stated that the incubation 
neriod is apj)roximately 12 18 days. The larvae at once begin to mine in a 
zigzag fashion up the stalk ami continue for some distance, as much 
sometimes as 12 in. Then they turn downwards and finally reach about 
ground level when they are full grown and ready to pupate. Often, 
however, in this first or summer generation the larvae have not again 
approached soil level by this time. ( \)nsequently puparia are found at any 
h(‘ight on the stalks (PI. XXXVIJ, figs. 2 3). The mines arc often by no 
means as straight or uniform as shown in the figure. In 1934 larvae in tlie 
2nd instar were first found on 2 July, the 3rd iustar first on 1 July and tJie 
first puparium on 7 July. In this year flies of the second generation were 
first seen on 5 August. It would thus appear that the egg stage takes 
about 2 or 3 weeks, the larval stages are short and that the pupal stage 
lasts about a month. This agrees well with what Fink observed. In his 
case the larvae hatched about the midille of June, they attained full 
growth by tlie end of June to the first week in July, pupation com- 
menced on 3 July and flies began to emerge on 20 July. 

The flies resulting from this first generation are on the wing from the 
beginning of August until about the second week in September (see 
Text-fig. 1). The life history of the second generation is very similar to 
that of the first except that the puparia are usually found just above or 
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below soil level (about 6 in.) and not high up the stalks. Fink found the 
depth below the surface varied from ^ to 7 in. The period of pupation is 
much longer, the puparia over- wintering and the flies not emerging until 
the following spring. 

The second generation is not a complete one and many of the puparia 
of the first generation over- winter. In New York there are likewise two 
generations in the year and there the larvae of the second attain full 
growth by about the end of August or the beginning of September. In 
this country this point in development must be reached later and perhaps 
accounts for the second generation being only partial. 

The adult flies are extremely active during sunshine but will remain 
for long periods in the same position during cold sunless intervals. At 
nightfall they take up definite positions where they remain until the 
following morning. They usually rest among the leaves on the flowering 
and fruiting stalks. 

(c) Damage 

According to tlie present observations there is usually very little 
damage done by the larvae of this miner, at any rate in mature asparagus 
beds. When several larvae are present, the stems of the flowering stalks 
certainly become girdled with the mines; but unless there are really 
large numbers present the plants do not suffer. In the beds under obser- 
vation several puparia were usually found in each stem but no injury 
was noticed. As a result of the mines the outer skin of the lower stem 
and root becomes dry and flakes off (PI. XXXVII, fig. 7). Chittenden (.‘i, 4), 
in America, found as many as nine puparia to an inch on the stalks. 
Fink (11) described the signs of attack as a yellowing of the stalk at the base, 
a shrivelled appearance and a premature yellowing of the entire plant. 
Other American writers have commented on the presence of these puparia 
on the roots and have claimed that this type of attack forces one to con- 
sider the miner as a post. Dingier (ft) stated that M. simplex could not be 
regarded as a pest of asparagus in Germany, but might become one. 

Fink (11) stated that the flies lay eggs on volunteer plants and seeding 
beds and make no attempt to oviposit on cutting beds. He also states 
that this instinct not to lay on cutting beds but to concentrate on 
seedling plants and on plants that are newly set out is the cause of severe 
early damage. The young plants go yellowish and the stalks shrivel and 
die. The present writer has not had the opportunity of keeping a seedling 
bed under observation. The beds in Laboratory House garden are cutting 
beds and gaps were filled by mature plants from other beds. 
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In some stems containing the puparia of this miner sent by Dr C. L. 
Walton there were in addition some other dipterous larvae. These proved 
on emergence of the flies to be those of Lonchaea Jlavidipennis Zett. 
(kindly identified by Mr J. E. Collin). Larvae of the same fly were also 
present in asparagus stalks attacked by Melamgromyza mnphx at 
Harpenden. Stems attacked by M. simplex appear to be more attractive 
to this fly than healthy ones. In sucli cases M, simplex must be 
considered injurious as it attracts the larvae of Lonchaea Jlamdipennis 
which seriously damage the asparagus stems. Newton ( 17 ) reported 
this species of Lonchaea from Hyoscyamus stems attacked by flea' 
beetles. 


(d) Local abundance 

In order to assess the local abundance of the miner the asparagus 
plants in the Director’s garden were examined twice daily and all the 
flies seen were counted. These counts were made between 9 and 10 a.m. 
(summer-time) and again between 6 and 8 p.m. each day in 1934 from 
1 May until 1 October with the exception of 29 May to 3 June inclusive, 
24 June and 26-27 July inclusive. In 1935 the daily observations were 
made from 1 May till 19 August inclusive. In this year, however, the 
times were slightly different, from 1 May to 21 June at about 9-10 a.m. 
and at 8 p.m.; 22 June to 21 July at about 7 a.m. and again at 9 p.m.; 
22 July to 19 August between 9 and 10 a.m. and at 7.30 p.m. The object 
of altering tlie times at which the observations were made was to enable 
the flies to be counted while at rest on the asparagus. Towards evening 
the flies take up tlieir positions of rest on the plants and remain there 
until the following morning. As this is so, if tlie evening count be made 
after the flies have taken up their positions for the night, tlie morning 
count serves as a check on the previous evening’s. The e\emiig count 
would include those flies which had emerged that day and survived. 
In Text-fig. 1 the results of these observations made in 1934 and 1935 
are shown. The maximum number of flies seen either in the morning or 
evening is given for each day. It should be realized that up to 3 July 
1934 two beds of asparagus were under observation and since that date 
only one. The reason for this was that on that date one bed was done 
away with, some of the plants from it being used to fill gaps in the 
remaining bed and others being thrown away. The effect of this should not 
alter the counts very much as the beds were in close proximity and the 
flies could easily pass from one to the other. But on the other hand 
some puparia must have been removed with the plants that were lifted 
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and destroyed. Further in 1934 some flies (88 in all) were removed from 
the asparagus beds to breeding cages for experimental purposes. Thus 
on 4 June 10 flies were removed, on the 5th 3, on the 6th 6, on the 7th 6, 
on the 8th 17, on the 9th 15, on the 11th 7, on the 12th 20 and on the 
15th 4. After this date no further flics were taken away. The net result 
of this removal of plants and flics is to make the curve of 1934 in Text- 
fig. 1 err on the low side. 



However, the curves of abundance show when the flies first appeared, 
when the crest in numbers was reached, when the first flight was over 
and when the second flight occurred. They also give some idea of the 
abundance of the flies although this can only he approximately accurate 
since the duration of life of tlie individuals was not traced. These 
curves also resemble what might be expected of actual emergence 
curves. 
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VI. Parasites 

Giard(i2) described Dacmsa rondanii as parasitic on this fly, but so 
far as the writer is aware no other parasites have been recorded until the 
undermentioned parasites were noted l)y Barnes & Walton (i). 

Three parasites, kindly identified by Dr Ferriero, have ])een reared 
from Mclamgromyza smpl^ix material collected at Harpenden. They are 
as follows: a braconid, Daenusa 'ihalhyzona Marsh.; a pteromalid, Sjdiegi- 
gastcr sp.; and a eulophid, Pleurotroj)is epigonus Walk. The brae.onid 
and eulophid have also been reared from material collected in the 
Evesham area. As with the fly, the parasites can be induced to emerge 
indoors during the winter. Another point of similarity is that Daevusa 
bathyzona does not always emerge from the puparia of the first generation 
of Melandgromyza simplex the same year. One example of this was 
shown by a puparium of M, simplex found on 7 July 1934 wdiich was 
parasitized by this species and the parasite did not emerge until 10 June 
1935. In this case the parasite lived for 7 days. This delayed emergence 
may be the rule and not the exception in the (jase of the parasite. 

In one breeding cage of over-wintering puparia (1933-4) kept out in 
the inscctary, Daenvsa hathyzom emerged between 3 June 1934 and 
15 July, Pleurotropis epigonus Walk, betw^een 23 May and 15 June and 
an unidentified parasite emerged on 12 September. The Melanagromyza 
simph'x emerged in this cage between 9 June and 10 July. The (com- 
parative numbers from this breeding were M. simplex 25, Daenusa 
bathyzona 21, Pleurotropis epigonus 8 and 1 unidentified parasite. 

In another cage of material collected on 2 »July 1934, Daenusa 
bathyzona emerged between 24 August and 8 September, and unidentified 
parasites between 25 August and 8 September. The Melanagromyza 
emerged in this case between 24 August and 2 Sciptcmbei. The com- 
parative numbers in this instance were M, simplex 5, Daenusa bathy- 
zona G and 7 unidentified parasites. 

It would appear from these examples that parasitism in the over- 
wintering generation of 1933-4 and the summer one of 1934 was ex- 
tensive. 

Out-of-doors it was possible to make observations on D, bathyzona 
in 1934. This parasite was first seen on 7 June and the last on 8 July, 
In all it was seen on 14 days within these extremes. The females were on 
several occasions seen searching for the Melamgromyza simplex in the 
stems of the asparagus. First they hovered round the stems and then, 
having alighted, ran up and down with wings “cocked” and definitely 
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‘‘ feeling ” with their antennae. Just as the flies while ovipositing go right 
down the cracks in the soil round the plants' stems on occasion, so do the 
Dacnusa bathyzom. No specimens of this parasite were observed in the 
asparagus beds while the second brood of Mehnagromyza simplex was 
on the wing in 1934, although specimens were bred in the insectary 
from material gathered on 2 July as stated in the preceding paragraph. 

VII. Control 

Fink (11) reviewed the methods of control suggested up to that date. 
These include Chittenden’s method of allowing a few volunteer plants 
to grow during the cutting season in order that the flies might oviposit 
on them and then burning the infested plants. Sirrine{2()) had suggested 
pulling the stalks of a badly infested bed late in the autumn and thus 
destroying the puparia. This seems to be the simplest method when 
asparagus is grown on a small scale. Fink himself experimented with 
nicotine sprays for killing both the larvae and the flies and found that 
“Black leaf 40” tobacco extract, in the proportion of 1-500 gal. of water, 
appeared to be adequate. 

Dingier ( 9 ) dealt thoroughly with control measures against the 
asparagus fly and the asparagus miner and states that indirect methods 
must be used. When asparagus is grown on a small scale the following 
are some methods to be employed: traps for catching the ovipositing 
females, covering the shoots with paper or cellophane and collecting the 
adult flies in the early morning by placing rods covered with an adhesive 
among the crop. This last method has been tried by the present writer. 
He used clothes-pegs smeared with grease banding material but found 
that, although a few flies were caught, more flies were not. This held true 
whether the pegs were painted green or not. 

When asparagus is grown on a large scale Dingier suggested ex- 
tending the harvesting time until the end of the flight period, the use of 
protective crops to shield asparagus plants, chemical control of the flies 
early in the morning by means of a rapid contact poison (nicotine dust 
was found efiective) and the prompt removal of infested stumps or stems. 

VIII. Summary 

1. The history and identification of the asparagus miner, Melam- 
gromyza simplex H. Loew, are outlined. The fly was described in 1869, 
and associated with asparagus in the United States of America in 1896 
and 1897. In Europe it was recognized about the same date. 
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2. The salient points of the morphology of all stages are briefly 
described. 

3. Its geographical range is the United States of America and Europe. 
In Europe it has been reported from Hungary, France, Germany and 
England. In U.8.A. the most numerous records are from the eastern 
states but it has also been reported from Iowa and California. 

4. There are two generations a year at Harpenden, England. The 
flies of the first flight are on the wing from early June to the end of 
July, those of the second from the beginning of August until about the 
second week in September. Details of the life history are given. 

5. The damage caused by the larvae mining the stems of asparagus 
is not considered important in cutting beds, although setidling beds 
might suffer more. When, however, the mining is followed by an attack 
by the larvae of Loncluiea jlavidi'pennis Zett. the damage is more im- 
portant. 

6. An attempt to assess the local abundance of the flies by direct 
field observation is described. 

7. Three parasites -the braconid, Daenusa 'tbathyzom Marsh.; a 
pteromalid, Spkyigaster sp. ; and a culophid, Pkurotropis vqyigonna 
Walk.— have been identified by Dr Fcrriere and in addition an unidenti- 
fied parasite has been reared. Brief observational notes have been given 
concerning these parasites. It is noted that Daenusa rondanii Giard has 
previously been recorded as a parasite. 

8. C/ontrol measures recommended by other workers have been 
mentioned. 
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EXPLANATION OF PLATES XXXVI AND XXXVII 

Illustrating the biology of Mdanagromyza simplex 11. Loew 

PLATK XXXVI 
Fig. 1. IVo eggs in situ, x 60. 

Fig. 2. Ist instar larva. x60. 

Fig. 3. 2iid instar larva, x 33. 

Fig. 4. 3rd instar larva, x 33. 

PLATK XXXVll 

Fig. 1. Over- wintering puparia at base of sU'ni. Nat. size. 

Fig. 2. Mine with jmpariurn in young growth. Nat. size. 

Fig. 3. Puparia on the st(iin in summer. Nat. size. 

Fig. 4. Adult female lly with outstretched wings, x 10. 

Fig. C). Adult female fly with wings in resting position, the abdomen has shrunk, x 10. 
Fig. 6. Living female fly. Nat. size. 
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I. Introduction 

In the late summer of 1934 it was noticed that hollyhock seeds in 
Harpenden were suffering greatly from attacks by a Icpidopterous larva 
which ate its way through the centre of the seeds and so passed almost 
round the entire seed-head. As the writer was interested in finding 
suitable insects for studying the fluctuations in insect numbers from year 
to year, it was decided to investigate this insect as a possible subject for 
such a study. 

The following paper deals with the bionomics and distribution of the 
insect, Platyedra malvella Hiibn., and includes notes on the distribution 
of two other insects found in hollyhock seed-heads, viz. Apion radiolus 
Kirby (a weevil) and a Clinodiplosis species (a gall midge). 
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11. Identification and history 

The iepidopterous larva was recognized as being closely related to 
Platyedra gossypieUa, and when moths were reared they were sent to 
Mr E. Meyrick who kindly confirmed their suspected identity as Platyedra 
malvella Hiibn. Mr Mepick has written to the writer informing him that 
the genus Platyedra^ which contains all those species feeding on seeds of 
malvaceous plants, is characterized by the presence of a pecten of scales 
on the scape. There are about half a dozen species in this genus centred 
around the Mediterranean. The most notorious species is P. gossypielUi, 
the pink boll-worm of cotton. 

Little has been written about this insect. P. nmlvella was originally 
described by Hiibner as Gelechia rmlvelh, Meyrick ( 4 ) described it as 
follows: “17-19 mm. Head and palpi whitish ochreous. Forewings pale 
brownish, becoming fuscous posteriorly, with traces of darker strigulae, 
more distinct and blackish on costa; stigmata rather dark fuscous, first 
discal beyond plical, second sometimes obsolete; a very indistinct 
suffused pale fascia at f . Hindwings light grey.’’ The general appearance 
of the moth is shown in PL XXXVIII, fig. 1. 

Amongst the economic references, Zacher(r)) dealt with it as a pest of 
medicinal plants in Germany. Belski(i) listed it on Althaea offidmlis 
in a list of pests observed on medicinal plants in the neighbourhood of 
Kiev, and Gavalov(2) mentioned it on cultivated A, rosea in the Crimea. 
Helm ( 3 ) recorded it from Saxony as infesting the seed-capsules of holly- 
hock (Althaea) and Rekach ( 5 ) recorded it in Transcaucasia infesting cotton 
and stated that it caused 16’7 per cent loss of crop. Experiments showed 
that 90-95 per cent control could be obtained by dusting with Paris 
green or sodium fluosilicate. 

Apart from the use of hollyhock as a medicinal plant, the writer has 
been informed by one large seedsman that these plants are worth growing 
for the sale of the seed. 


III. Distribution 

This insect has been recorded from central and southern Europe and 
Russia. Meyrick ( 4 ) stated that in England it occurs locally as far north 
as York. Mr A. E. Wright (in Hit.) has referred the writer to a record in 
Ellis’s Lancashire and Cheshire List, copied from Stainton’s Manual, of 
its occurrence at Manchester; in Porritt’s Yorkshire List, of its occur- 
rence at Huddersfield and Scarborough (copied from Stainton’s Manual) ; 
and in Hayward’s Derbyshire List, a doubtful record from Burton. These 
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records are old and require confirmation. There is also a record (55th, 
56th and 57th Ann. Rep. Lancs. Ckesh. ent. Soc. p. 203) of its capture at 
Grange-over-Sands, Lancs by A. E. Wright. 



Text-fig. I. Distribution of Platyedra malvdla Hiibn. in 1934 and 1935. 


A detailed survey of the distribution of Platyedra rnalvella in Great 
Britain was attempted. Many persons, indicated by their initials in 
Table I, took part in this survey and sent the writer samples of holly- 
hock seed-heads. He takes this opportunity of reiterating his thanks to 
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them for their interest and help without which it^'would have been 
impossible to carry out the work. Requests for samples were sent out 
in 1934 and 1936. Heavy infestations of the larvae were apparent, each 
year, in Bedfordshire, Berkshire, Buckinghamshire, Essex, Cambridge- 
shire, Hertfordshire, Kent, Middlesex, Surrey and Sussex. Not a single 
specimen was found in any sample either year from ^ny other county. 
A few samples were received from Wales, Ireland and Scotland, but here 
again the larvae were not present nor were there any traces of their 
damage. It would seem therefore that nowadays at any rate the moth 
is restricted in its breeding to the south-eastern counties of England 
(Text-fig. I). 

Table I 


Survey of distribution of Platyedra malvella Hiibn,, Apion radiolus and 
Clinodiplosis sp, on hollyhocks in England, 1934 and 1935 


County 

Locality, date an 
collector’s initi: 

P. malvdla 

A . radiolus 

Vhno- 
diplosis sp 

Bedfordshire 

Bedford : 

6. X. 34, C.W.H. 

X 


X 


viii. 36, C.W.H. 

X 

X 

X 

Berkshire 

Beading : 

18. ix. 34, M.A.P.S. 

X 

X 



viii. 35, M.A.F.S. 

X 

, 

X 

Buckinghamshire 

High Wycombe: 

20. ix. 34, L.G.B. 

X 




27. viii. 35, L.G.B. 

X 

, 


Cambridgeshire 

Cambridge: 

11. ix. 34, 1.T. 

X 

X 



viii. 35, 1.T. 

X 

X 


Cheshire 

Birkenhead : 

29. ix. 34, A.W. 





13. X. 34, A.W. 





BramhaO 

24. ix. 35, C.H.-S. 


X 



PenyffordA ne^r Chester: 

1. ix. 35, W.M.D. 



X 

Cornwall 

Launceston : 

15. X, 34, E.G.T.R. 




Cumberland 

Edenhall: 

29. viii. 35, H.B. 



X 

Derbyshire 

Ilkeston: 

6. X. 35, S.E.M. 



X 


Langworth: 

6. X. 35, S.E.M. 




Devon 

Dorset 

Barnstaple: 

22. ix. 34, E.G.H. 

21. viii. .35, E.G.H. 
Newton Abbott: 

13. ix. 34, L.N.S. 
Bridport: 

21. ix. 34, S.E.B. 
Chickerell, Weymouth: 

16. ix. 34. C.S.P. 

26. viii. 36, C.S.F. 

• 

• 

X 

X 
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County 

Table I (cont.) 

Locality, date and 

collector's initials P. malveUa 

A. radiolu8 

Clino^ 
diploaia sp 

Durham 

Newcastle: 

31. X. 36, R.A.H.G. 



X 

Ely, Isle of 

— 

— 

— 


Essex 

Stanford-le-Hope : 

16. ix. 34, C.K.N.B. 

X 

X 



28. viii. 36, C.R.N.B. 

X 

, 

X 

Gloucestershire 

Bristol: 

6. ix. 34, C.L.W. 





18. ix. 34, A.W. 





26. ix. 35, C.L.W. 





Longford: 

28. ix. 34, C.L.W. 




Hampshire 

Bitterne Park, Southampton: 

8. X. 34, C.G.J. 



X 


Highlield, Southampton: 

21. ix. 34, (>\G.J. 


X 



Shirley, Southampton: 

21. ix. 34, C.G.J. 





Wostend, Southampton: 

8. X. 34, C.G.J. 



X 

Herefonlslure 

Hereford : 

21. ix. S.'), C.L.W. 




Hertfordshire 

Haqiendon: 

(1) 20. viii. 34, H.F.B. 

X 




(2) 26. viii. 34, H.K.B. 

X 

. 



(3) 29. viii. 34, (IB.W. 

X 

, 



(4) 13. ix. 34, V.S. 

X 




(5) 2-19. viii. 36, H.F.B. 

X 

X 

X 


(0) 2. viii. 36, A.O.E. 

X 




(7) 10. viii. 3.6, (\B.W. 

X 

. 



(8) 1.6. viii. .3,6. H.F.B. 

X 




(9) 16. vui. 3.6, M.D. 

X 




J.rf'tchworth : 

16. ix, 34, F.W.E. 

X 

X 



viii. 35, F.W.E. 

X 

X 

X 


Radlett: 

2. ix. 35, A.M.C. 

X 

X 

X 


St Albans: 

9. viii. ,3,6, A.D. 

X 




Welwyn G. C. : 

28. vui. .34, S.E.B. 

X 



Huntingdonshire 

— 

— 


— 

Kent 

Hythe: 

15. X, 34, G.K.D. 

X 

. 

X 


Wye: 

17. ix. 34, S.G..T. 


X 



29. ix. 36, R.T.P. 

X 


X 

liunoashire 

Burnley: 

17. X. 34, W.G.C. 





Failsworth, Manchester: 

28. ix. 34. F.P. 




Leicestershire 

Mosely : 

9. ix. 36, H.B. 

Kegworth : 

30. viii. 36, A.R. 
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Table I (coni.) 


Locality, date and 
County collector’s initials 

Lincolnshire Caistor: 

1. ix. 35, A.R. 

London West Norwood: 

2. ix. 36, H.E.T. 

Tulse Hill: 

8. X. 36, R.M.G. 

Middlesex Uxbridge: 

31. viii. 34, D.C.T. 

30. ix. 36, D.C.T. 

Monmouthshire — 

Norfolk Attleborough : 

16, X. 34, J.C. 
Downham : 

27. ix. 34, E.R.P. 
Norwich: 

9. ix. 36, C.B.W. 

Saham Toney, Thotford: 

ix. 36, M.G.N. 

Northamptonshire Oottesbrook Hall: 

2. xi. 34, E.T.W.S. 
Northum berland Newcastle : 

26. X. 34, R.A.H.G. 
Nottinghamshire Nottingham : 

6. X. 36, y.R.M. 

Sutton Bonington: 
ll.ix.34, A.H. 

30. viii. 36, A.R. 
Oxfordshire Oxford : 

17. ix. 34, M.R. 

9. X. 34, G.D.H.C, 

23. viii. 36, .I.J.W. 
viii. 36, M.R. 

22. viii. 36, G.D.H.C. 

Rutland — 

Shropshire Wellington: 

30. viii. 36, H.C.F.N. 
Somerset Bath : 

14. X. 34, C.L.W. 
Dundry: 

2. X. 34, L.O. 

Williton : 

16. ix. .34, J.R. 
viii. 3.6, J.R. 

23. ix. 3.6, J.R. 

Staffordshire — 

Suffolk Bury St Edmunds: 

viii. 3.6, R.S.W, 

Surrey Byfleet: 

17. ix. ,34, G.F.W. 

17. viii. 35, G.F.W. 

West By fleet: 

17. ix.‘34, G.F.W. 

17. viii. 36, G.F.W. 


Clino- 

P» malveUa A . radiolus diplosis sp. 

X . X 

XXX 

X X 

XXX 


• . X 

. . X 

. X 

. X 

. . X 

. . X 

. . X 

. . X 

. X X 

. X X 

. X 

X 
X 

X 



X 


X 
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County 

Locality, date and 
collector’8 initials 

P. rmlvdh A. radiohis 

Clino- 
diplosis sp 

Sussex 

Ilottingdean: 
aa. ix. 34, R.N.C.W. 

X 



ix. 3,5, R.N.C.W. 

X 

X 


Worthing: 

28. ix. 34, F.C.W. 

1. X. 34, F.C.W. 

X 

X 

X 


21. viii. 3.5, F.C.W. 

X 

X 

Warwickshire 

— 

— — 


Westmorland 

— 

— — 



Wight, IrIo of 

— 

— — 

— 

Wiltshire 

Marlborough: 

24. X. 34, C.P. 


X 


1. X. 35, G.P. 


X 

Worcestershire 

Henwick: 

28. ix. 34, W.r).S. 




Worcester: 
ix. 35, W.I).S. 



Yorkshire 

Bingley ; 

2. ix. 35, R.B.D. 


X 


Huddersfield; 

13. ix. 34, M.K.M. 




Leeds: 

18. ix. 34, C.W.G. 




ix. 35. C.W.G. 

, 

X 


About 0(X)0 hollyhock sood-hcads wore oxamiriod in 1934 and about 
4000 in 1935. An Apian weevil and a "all nii(l"(‘ larva, Clinodiplasis sp., 
were eoinnionly present. The weevil has since been kindly identified for 
the writer as Apian rmlialm Kirby by Dr K. (3. J51air, 

In Table I the distribution of Platyvdra malvvlh. Apian radlnlm, and 
the Vlinodiphms species is shown. It can be readily seen tliat whereas 
Phtj/rdra malvdh is definitely restricted in its di.stribiition. Apian 
radiolm and the (din<n1lplosi}< species on the other hand occur "cnerally 
throughout England. The ('limHliphms also occurs in Wales and Ireland. 

IV. Bionomics 
(a) Damage 

The damage caused by the larvae of Phtgedra malveUa is the de- 
struction of the seed (PI. XXXVllI, fig. 2). The larvae eat right through 
the centre of each seed and sometimes progress right round all the seeds 
in a single seed-head (i.e. all the seeds resulting from one floAver), thus 
enabling the seed remnants to be threaded as shown at the top of fig. 2. 
The holes in the seeds are characteristic, smaller hoh^s by the younger 
larvae, large ones by the nearjy full-grown larvae. The damage by the 
Apion is different, the edges of the seed being eaten in irregular pieces. 
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(6) Host 'plants 

Phtyedra malvella most commonly attacks the seed of hollyhock 
{Althaea rosexi), though it is retiorded also as feeding on the seeds of 
common marsh mallow (A, officinalis). The writer has found one record 
of it attacking cotton buds, ovaries and bolls (Rekach(5)). 

(c) Life cycle 

The moths are on the wing at Harpenden, Herts, from the third week 
in June until the beginning of August. They seem to emerge at all hours 
of the day from 7 a.ni. until 8 p.m. (Greenwich Sun Time). The moths 
live for at least a week, probably considerably longer, specimens kept in 
glass tubes plugged with cotton-wool having lived for from 3 to 9 days. 
One individual died after 3 days, two after 4 days, two after 5 days, 
six after 6 days, one after 7 days, one after 8 days and two after 9 days. 

The moths have been observed ovipositing on the se^pals both before 
the flowers have opened and also after the petals have started to slirivol. 

First instar larvae (just over I mm. in length) have been found at 
the base of the petals, among the stamens, on the surface of the young 
seed, on the sepals and in one case inside the staiuinal tube. 

The newly hatched larvae feed on the top of the seeds forming slight 
channels, but very quickly burrow to the centre of a seed and then pass 
from one seed to another, eating out the centre of each, until they have 
perforated almost every seed in the seed-head. By this time they are 
full grown. Sometimes two or more larvae are found in a single seed- 
head. 

The larvae grow in size quickly and by the third week in August are 
full grown, measuring about 1 cm. long. They are whitish ochreous with 
red spots, the head being blackish. The scutellum on the prothorax is 
obvious and dark. Larvae of all sizes can be found in the seed-heads in 
the middle of August as the period of emergence of the moths and 
consequently of oviposition is prolonged. 

When fully fed the larvae descend to the soil where they pass the 
winter in over-wintering cocoons. Occasionally the larvae eat an exit 
hole through one of the sepals (PI. XXXVIII, fig. 2), at other times no 
definite hole is made. On a few occasions these cocoons have been found 
actually in the seed-heads between the seeds and the sepals, but tliis is 
not the usual position. Rolls of corrugated cardboard have been used 
successfully to obtain cocoons free from<«oil, the larvae spinning up in 
them readily. 
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After the winter the larvae again become active, the habits thus 
closely resembling those of PUityedra gossypiella, and tunnel about in 
the soil. The illustration (PL XXXVIII, fig. 3), shows the larvae in 
their tunnels in the soil. In the outdoor insectary at Harpendcn this 
post- winter activity took place in 1935 and 1936 throughout May. It 
was unexpected to find that, although the larvae in the soil might have 
been expected to be negatively phototropic, many of them came to the 
sides of the lamp-glasses in which they were kept and so were clearly 
visible. This movement to the sides might, however, ho due not so much 
to the attraction of light as to the pressure obtained by close proximity 
to the glass. 

Table II 

Comparison of degree of infestation 1934 and 1935 




No. and size 



No. and size 



of sample, 

1934 

1935 

ol sample, 



i.e. no. ol 

O' 

/o 

/o 

i.e. no. of 

(bounty 

Locality 

seed-heads 

attiK'k 

attack 

seed 

-heads 

Bedfordshiro 

Bedford 

(i) 

50 

20 

69 

26 

(ii) 





48 

100 

(jii) 






56 

75 

(iv) 






83 

75 

(IV) 






53 

1(K) 

(VI) 






68 

1(H) 

(vii) 

Berkshire 

Reading 

(■) 

U2 

58 

42 

200 

(n) 





53 

125 

(111) 

Bufkiiighainahire 

High VVyc'oinhe 

(>) 

20 

25 

6 

47 

(ii) 

(Vinbridgeshire 

(’am bridge 

(i) 

m 

95 

90 

102 

(i) 





47 

93 

(n) 

Bhhcx 

Stanford-Ic-Hojie 

(i) 

24 

100 

94 

130 

(ii) 

Hertfordshire 

Harponden 

0) 

2(H) 

88 

60 

58 

(iva) 


(•') 

70 

93 

70 

50 

(IV 5) 



(lii) 

.718 

93 

78 

50 

(ivr) 





82 

50 

(iv d) 






94 

250 

(v) 






94 

1(H) 

(VI) 






84 

.70 

(Vll) 






74 

50 

(Vlll) 


Letehworth 

(•) 

120 

25 

70 

KH) 

(ii) 


Radlett 

— 


46 

200 

(0 


St Albans 


— 

— 

99 

KH) 

(i) 

Kent 

Wye 

(i> 

94 

0 

60 

2(K) 

(111) 


(>» 

62 

0 

— 

— 



Hythe 

(0 

127 

39 

— 



London 

West Norwood 


— 

— 

83 

161 

(i) 


Tulse Hill 


— 


78 

100 

(n) 

Middlesex 

Uxbridge 

(i) 

873 

97 

88 

2(H^ 

(i) 

Surrey 

Bytleet 

(i) 

101 

6 

18 

76 

(0 


West Bylleet 

(i) 

21 

57 

44 

64 

(0 

Sussex 

Brighton 

(i) 

28 

96 

91 

75 

(1) 


Worthing 

(>) 

60 

82 

58 

46 

90 

(hi) 


(ii) 

36 

— 
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Towards the end of May and throughout June the larvae spin the 
cocoons in which they pupate. The pupae arc pale brown and about 
0*75 cm. long. The moths emerge from these pupae at the end of June 
until the beginning of August. There is only one generation a year. 

(d) Degree of infestation 

In 1934 and 1936 samples of seed-heads were obtained from many 
places. In Table II the comparative infestations are set out. It will be 
seen that even when large numbers of seed-heads have been examined, 
very heavy infestations have sometimes been found, e.g. out of 873 heads 
obtained from Uxbridge in 1934 97 per cent showed signs of damage. 
Averaging all the samples examined in 1934 and 1935 separately for each 
year, the degree of infestation works out at 66 per cent in each instance. 

V. Parasite 

Only one species of parasite has been reared from the larvae of this 
moth. It has been kindly identified for the writer by Dr C. Ferriere as 
Augitia rnfipes Grav. (Iclineumonidae). A male and female are illus- 
trated in PI. XXXVIII, fig. 4. 

The numbers reared have been small, five only being bred in 1935 and 
six in 1936, although several scores of moths were reared each year. The 
parasite occurred in an Essex sample and in several from Harpenden. 

VI. Summary 

A survey has been made of the distribution of Platyedra nmlvella 
Hiibn. in Great Britain and it has been found that the larvae are re- 
stricted on hollyhock to the south-eastern counties of England. 

A'plon radioliis Kirby and a gall midge (dinodiplosis species which are 
also found in the seed-heads of hollyhock are generally distributed 
throughout England; the Clinodiplosis species also occurs in Wales and 
Ireland. 

The life cycle of Platyedra malvella has been described. There is only 
one generation a year. The moths are on the wing late in June until the 
beginning of August. The larvae feed on the seeds of hollyhock perforating 
the seeds characteristically. When full grown from the middle of August 
onwards, the larvae descend to the soil where they spend the winter in 
cocoons. In May the larvae become active again and tunnel through the 
soil. They spin up again towards the end of May and in June for pupation. 
The host plants are Althaea rosea^ A, officinalis and there is at least one 
record on cotton. 
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PLATE XXXVtII 
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The degree of infestation of hollyhock seed-heads in 1934 and 1935 
is shown in a table. 

An Ichneumonid parasite, Angitia rufipes Grav., has been reared in 
small numbers from Essex and Hertfordshire material. 

The literature concerning the economic importance of this moth has 
been reviewed. 
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EXPLANATION OF PLATE XXXVIII 

Fig. I . Adults of Platycdra malveUa lliibii. Nat. size. 

Fig. 2. Duinage to hollyhock seeds by larvae. Slightly reduced. 

Fig. 3. Post- win U t activity of larvae in soil. Nat. size. 

Fig. 4. Male (right) and female (left) Arvgitia rufipes Grav., the parasite of P, matveUa Hubn. 
X nearly 2. 
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an historical study of the migrations of celerio 

LINEAIA LINEATA FAB. AND CELERIO LINEATA LIVORNICA 
ESP. (LEPIDOPTERA) 

By Mrs. K. J. Grant. 

{Bothcmsted Experimental Station,.) 

[Read 6th May, 1937.] 

Since early in 1931 the South-Eastern Union of Scientific Societies has been 
encoura^g the collection of records dealing with the migration of insects in 
the British Isles, and a special Insect Immigration Committee has been set up to 
organise the efforts of amateurs and others who are interested in this branch of 
entomology. As a result of the Committee’s activity, a great deal of useful 
information is collected yearly and sent to Eothamsted Experimental Station, 
where it is available for examination and analysis. Some very interesting facts 
and theories are already beginning to emerge from this steadily accumulating 
mass of data, but it suffers somewhat from the drawback of dealing only with 
current events, and many years must pass before one can expect by its means to 
throw much light on underlying problems such as periodicity, correlation with 
climatic factors, or the relationship between migrations in the British Isles and 
those in other parts of the world. 

Another store of information is, however, available in all those periodicals 
and journals which have for a century or more been in the habit of devoting 
part of their space to records of the observations of collectors and naturalists in 
all parts of the world. From these it seemed that it might be worth while to 
make an investigation into the past history of one or two individual species for 
comparison with the more recent records of the Insect Immigration Committee. 

In 1931 C.Uneata var. livornica became unusually common inw^estern Europe, 
and was reported to the Insect Immigration Committee in greater numbers 
than it had ever before been recorded in Great Britain. This led to its selection 
for the present investigation, and it has proved to be a very suitable subject in 
many w^ays. Not only is it rare enough in this country to have received a good 
deal of attention from collectors, but in other parts of the w’^orld its larvae are 
occasionally a pest of vines and other cultivated plants, and its years of unusual 
abundance have therefore been recorded from time to time in the economic 
literature. In addition, the information available is sufficiently abundant to 
provide an adequate basis for investigation, without being so copious as to prove 
unmanageable. In fact the species might almost have been designed to suit 
the purposes of the work in hand. 

Distribution. 

The moth generally known in this country as Celerio (Deilephila^ Phryxus) 
livornica Esp. is the old-world sub-species of the Sphingid Celerio lineata Fab., 
the nominal form being confined to America. A third sub-species, Celerio I 
livornicoides Lucas, is found in Australia, but so little is known about it, and it 
has so seldom been recorded in any abundance, that I do not feel justified in 
dealing with it here. 

TRANS. R. ENT. SOO. LOND. 86. PART 15. (DEC. 1937.) B B 
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C, lineata and (7. 2. livornica are very similar both in appearance and habit, 
but they appear to form perfectly distinct geographical races, and there is 
sufiScient difference in their markings and gross morphological detail to prevent 
their confusion when seen side by side. C. lineata has been seen from New J ersey 
to Ecuador, and C. 2. livornica from China to western Europe and southward to 
the Orange Free State, yet in neither case is the permanent habitat (if any) 
known with any degree of certainty. In some of the warm-temperate parts of 
the northern hemisphere they have been seen frequently enough to give the 
casual observer the impression that they are indigenous, but a closer examination 
of the literature suggests that they are usually migrants from elsewhere. 
C. 2. livornica^ for example, is fairly frequently seen in the African littoral of the 
Mediterranean, and occasionally appears there in great abundance as a pest. 
Many years may pass, however, without a single record coming from this area, 
and when the larvae ravage the vineyards in years of abundance, the cultivators 
seem to regard them as an unusual pest. In various parts of Europe the moths 
have been abundant in about one-third of the past sixty years, and small num- 
bers have occurred more often, yet the species has nowhere permanently 
established itself, and it may be absent for years on end. The same seems to 
be true of the American sub-species, which is common in some seasons in many 
parts of the United States, but can hardly be said with certainty to be indigenous 
in any particular district. 

Outbreaks of both sub-species are most frequent and abundant in the 
neighbourhood of deserts and semi-desert areas ; for example, California, Utah, 
Arizona and other States surrounding the Great American Desert; Morocco, 
Algiers and Tunis, near the Sahara; and Anatolia, the Caucasus, southern 
Russia, and Persia, near the deserts and arid steppes of Asia Minor. The only 
reference I have been able to find to an outbreak in South America took place 
in 1925 in the Santa Elena Peninsula, a desert district in Ecuador, during the 
first rains that had fallen for several years. One may perhaps venture to sug- 
gest that one is dealing with a desert species which, in response to unusual 
conditions of climate or to some similar stimulus, sometimes outbreeds the 
resources of its normal habitat, and is forced to migrate elsewhere. American 
entomologists would probably agree with this view, since they often find lineata 
especially common on the outskirts of deserts in its years of abnormal abundance. 
The habits of the larvae are quite compatible with this supposition. They 
occur on all sorts of low-growing plants and weeds, and not only the species 
but even individuals are extremely polyphagous. On several occasions it has 
been observed that when a large number of larvae have completely destroyed 
the food plants on which they were hatched, they will migrate gregariously, 
examining everything in their path, until they have found a sufficient growth 
of something suited to tlieir taste ; this may be a species belonging to a different 
family or even to a different natural order from that on which they started life. 
Behaviour such as this would have a definite survival value for a species de- 
pendent for its food supply upon the sparse flora of desert areas. An interesting 
account of such a mass migration of larvae is given by J. Brunetau (1932, Rev. 
Zool. agric. 31 : 9), and may be translated as follows : “ In the commune of 
Bors de Baignes quantities of larvae devastated about a hectare of buckwheat, 
leaving only the stalks and reducing the plantation to skeletons. Lacking food 
the ravagers descended to the ground in millions, and moved off browsing on 
Rumex by the way, until they reached a plantation of cabbages. Some of them 
climbed on to these plants, but they were soon abandoned, and at last they 
reached a vineyard, which they began to misuse. Parts recently sulphated 
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were respected, but the young growth, the leaves where the Bordeaux mixture 
was less apparent and even the twigs were damaged.” 

Celem Uvomica in Britain. 

Whatever may be the stimulus which releases the migratory impulse, it is 
very stroi^ when once aroused. If Africa be the source of the majority of speci- 
mens of Imrnica caught in Great Britain in spring, a fact which there is little 
reason to doubt, journeys of a thousand miles or more must frequently have 



1 


been flown. Great Britain has been reached in at least seventy-two of the 113 
years since the species was first found here (fig. 1), and although in most of these 
years only one or two individuals have been seen, there have been occasions 
when comparatively large numbers must have been present. In 1870, for 
example, at least seventy moths and larvae were recorded; in 1906 the num- 
bers reached one hundred and in 1931 over one hundred and fifty individuals 
were seen, among them both adults and larvae. It should not be thought that 
these rising figures represent an actual increase in the numbers reaching Britain ; 
they are much more likely to indicate the larger number of persons taking an 
interest in the matter. But it is reasonable to suppose that fig. 1 does give a 
more or less true picture of the relative abundance and scarcity in various years. 
It is unlikely, for example, that the number of observers decreased materially 
TRANS. R. ENT. SOC. LOND. 86. PART 15. (DEC. 1937.) B B* 
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from 1906 to 1907, yet the number of livornica recorded fell from one hundred 
to nil ; again, from 1931 to 1934 the number of observers reporting the presence 
of mipants to the Insect Immigration Committee rose steadily, yet records of 
livornica fell from more than 150 in 1931 to 12 in 1932, 11 in 1933, and none in 
1934. 

Fig. 2 shows the seasonal distribution of all the individuals shown in fig. 1, 
with the addition of larvae, the numbers of which are given in brackets. In 
some cases, the date of capture, apart from the year, is not known ; such insects 
are shown in the column before the year’s total. 

It will be seen that the species has been found in every month of the year 
except December; May and June being those in which it is most numerous. 
Larvae are more common than adults in July, and the subsequent increase in the 
number of adults in August and September may be taken as evidence of the 
emergence of a British-born generation. An interesting comparison may be 
made between Iwornica and those migrants which, like Vanessa atalanta, Vanessa 
cardui, Plusia gamma, etc., visit this country every year in fairly large numbers. 
In these cases the autumn emergences are almost invariably far more numerous 
than the spring arrivals, showing that our summer conditions are suitable, and 
that it is only inability to pass the winter here that prevents the species from 
gaining a permanent foothold. In livornica, on the other hand, the autumn 
generation is rarer than that of early summer ; our conditions must be unfavour- 
able to the species even at the best time of year, and even should they succeed 
in passing a winter or two, they must die out in time unless reinforced by fresh 
migrants from the south. 

The number of moths found in Great Britain from November to March is over 
1% of the total, a surprisingly large amount. If F. atalanta were found in 
similar proportions, for example, many hundreds would be seen here every 
winter. While most of those found in April may be early immigrants (the 
species is active in Mediterranean districts in March) the occurrence of even 
single specimens in January and February suggests that hibernation is not 
entirely impossible, even if it be infrequent. The experience of those who 
have reared the species in captivity shows that the pupal stage is short, the 
moths emerging three or four weeks after pupation. There is no account of the 
finding of the pupa in winter in this country, or, indeed, anywhere else in Europe. 

The occurrence of these unusually early individuals does not necessarily 
either precede or follow years of abundance ; indeed, in one case a February 
specimen was caught during a period when the species was almost absent 
from Europe. This moth was shown at a meeting of the South London En- 
tomological Society in 1887, and there can be no question of its correct identi- 
fication. The account of its capture given by Mr. J. A. Helps (1887, Entomolo- 
gist, 20 : 157) is so interesting that it is worth quoting here in full. 

“ On April 18th last an old servant, living with her father at Coles 
Cross, near Crewkeme, sent me a specimen of Deilephila livornica, which 
flew into their cottage (attracted by the light) in the beginning of February 
last. She states that they caught one last year, and that a neighbour took 
one the previous year, about the same date.” 

Apart from this one specimen (the other two mentioned in Mr. Helps’ letter were 
not included in figs. 1 & 2, owing to lack of reliable identification) I have been 
able to trace no other record of livornica in 1887 in the whole of Europe, and only 
one in 1886, a single individual in Hesse, Germany. 

The sex is recorded in eighty-five of the C. L livornica found in Great Britain, 
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the proportions being fairly near to equality, i,e, forty males to forty-five females. 
Comparatively few of the continental specimens have been sexed, and in these 
the females outnumber the males by thirty-three to six. Part at least of the 
preponderance of females may be accounted for on the assumption that many 
individuals were only sexed at all as a result of their laying eggs, the sex in 
other cases being ignored. Nevertheless, there is some reason to suppose that the 
species is one in which the females normally outnumber the males. On one or 
two occasions, small numbers of imagines have been reared from eggs laid by 
captive females, and the sex of all the replting moths has been recorded. In 
one such experiment, thirteen eggs gave rise to nine adults, eight of which were 
females, and in another an equal number of eggs gave rise to two males and four 
females. More information is needed on this point, and it is hoped that when 
next the species appears in quantity, observers will be careful to determine the 
sex in as many cases as possible. 

The map in fig. 3 has been drawn to show the distribution of all C, L livomioa 
seen in Great Britain between 1823 and 1935, both adults and larvae, except 
for a few specimens whose locality I have been unable to trace. A separate 
map was originally drawn for the moths seen in late summer and autunm; 
it was thought that this might show a breeding area smaller than that reached by 
immigrants. This was not so, however ; the two maps were essentially similar, 
and were eventually combined to form fig. 3, which now shows the location of 
all records, irrespective of season. 

Naturally such a map is influenced by the distribution of human population. 
The large empty spaces shown in such areas as central Ireland and the moun- 
tains of Wales, where there are few people and fewer entomologists, probably 
received their quota of moths like other places, but the insects arrived un- 
observed and passed unseen. In estimating the local abundance of insects, 
however, there is one clue which does not depend on human population, and 
which may be used as a rough guide to relative numbers in diferent places. 
This is the number of insects seen by each individual observer. If this correction 
be applied to the present map, it is found that it only intensifies the tendencies 
that are already apparent. In the Midlands and North, the appearances are 
almost invariably solitary, and at intervals of many years. Along the south 
coast, the species occurs more frequently, and the same observer sometimes 
reports two or three individuals in a single year. But the greatest numbers are 
found in the extreme south-west and in Ireland. From Cornwall are records of 
as many as twenty-five specimens taken by a single collector in one year, while 
in Ireland, twenty-one I livomica were seen at Timoleague, Co. Cork, in 1931, 
and thirty-two were reported from Shankhill, Co. Dublin, in the same year, by 
single observers in each case. 

This tendency to greater abundance in the west is found in other migrants 
besides I livomica, and gives rise to some interesting speculations. A glance at 
the map of Europe shows that if a migration leaves the western part of north 
Africa travelling northwards, after it passes Lat. 44° a part of it will have to 
cross the plains of France, and a part the Bay of Biscay. It is reasonable to 
suppose that the section flying over France will gradually tW out as it goes 
northwards, many individuals ceasing their migration and settling in France long 
before the Channel is reached. Those farther westward, however, will find 
themselves crossing the open sea, and will be unable to stop until they reach 
Cornwall, Ireland, or the shores of the Irish Channel. They will thus arrive 
with their numbers unimpaired, except by the loss of such individuals as have 
fallen into the sea and been drowned. 
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There is very little evidence of insects actually seen crossing the Bay of 
Biscay; one or two records do exist, however, and the arrival of butterflies in 
the Scilly Islands, where they are reported flying northwards in from the sea, 



suggests that it is not impossible for them to do so. It may be objected that 
the four hundred miles from Spain is an unlikely distance for insects to 
fly at a single stretch, and that most individuals attempting to do so must 
inevitably perish, but it seems likely that migrating insects may be able to 
refresh themselves by floating for a while on the surface of the water. Miss 
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Longfield told me that she has seen a hawkmoth alight on the surface of a pool 
in Ireland, and rise from it again, and the keepers of lightships have on several 
occasions reported similar behaviour on the part of migrating Pierids. If this 
ability to rest on the water is at all normal, it must be of great assistance to 
Lepidoptera making long sea crossings. 

C. Z. livornica in Europe and 0. Z. lineata in America. 

Cekrio livornica was first described by Petiver from a specimen caught as 
long ago as 1698 in Lisbon (1764, Gazophylacium 1 : 2 , Tab. XL, Fig. 11). 

The description is of the vaguest, but luckily the moth is figured well enough 
for identification. During the next century a few solitary adults of both sub- 
species were captured and described, and one or two larvae were found in vine- 
yards. The first mention of large numbers occurs in 1818, when the species 
was plentiful in Switzerland especially round Berne (Meisner, 1818, Nat. Anz., 
1 : 44). The moths were common in the Caucasus in 1829, and a single in- 
dividual, probably on migration, was seen at a height of 12,000 feet on Mount 
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Fig. 4. Comparison of outbreaks of C. 1. livornica in Europe and C. 1. lineata in America. 


Elburz. In 1835 a migration arrived at Montpellier, on the south coast of 
France, after violent southerly winds ; it is difficult to decide from the descrip- 
tion whether the observer actually saw the moths coming in from the sea, but 
they were at any rate suddenly abundant all along the sea front. 

In 1846 numbers appeared in Germany, and extended westwards as far as 
Great Britain, where twenty-six individuals were recorded. Twelve years later an 
outbreak in the Alburs (Elburz ?) Mountains, near the Caspian, had no counter- 
p^ in western Europe, and in 1864 the moths wore again common in Asia 
Minor, but not unusually so elsewhere. Western Europe was next visited in 
1870, and on this occasion the greater number of records came from Great 
Britain; in 1874, the species was unusually abundant in Algiers, and present 
(numbers unspecified) in Persia. Outbreaks after this date are recorded in fig. 
4, and need not be listed further in the text. That of 1883 is perhaps worth 
special reference, since in this year the moths were extraordinarily abundant all 
over central Europe, but apparently nowhere else. 

It seems extraordinary that no mention of the damage done by the larvae 
should be made in European literature until 1904, although C. limita had been 
rwognised for some time in America as an occasionally severe pest of vines, 
^e damage done, however, is very sporadic and local, and it was not until well 
into the nineteenth century that entomologists began to take an interest in the 
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practical aspects of their science ; even then they largely confined themselves 
to the more important pests. It is probable that outbreaks occurred from time 
to time in Europe, but no one took any notice of them except the unfortunate 
farmers whose crops were attacked. Once attention was attracted to it, I, 
livomica was found to infest a great number of wild and domesticated plants. 
In cultivation, the most important host is the vine, and when the larvae are 
present in large numbers th^ will strip the plants very quickly, devouring even 
shoots and young grapes. Other plants besides vines are sometimes attacked ; 
among them are olives (Tunis, 1904); cotton (Spain, 1928); buckwheat 
(Caucasus 1930 and France 1931). In addition to these hosts, the American 
sub-species has also been reported from tobacco (Jamaica, 1922). 

Fig. 4 has been prepared to show in the form of a graph all outbreaks that 
have been traced in Europe and North America since 1875, the year when the 
first American outbreak was recorded. Particulars of most of these American 
outbreaks were sent me by the United States Department of Agriculture, but 
some half dozen additional records were obtained from various journals. The 
black areas in the graph represent years in which definite outbreaks occurred ; 
the shaded area in eastern Europe for the years 1889-1891 represents a period 
when the species was certainly present in Kumania, but its numbers were re- 
corded in such vague tenns that it is impossible to say whether there was any- 
thing comparable with the outbreaks recorded in other places or not. The 
crosses represent the occurrence of the species in numbers which, although 
small, were unusually high for the latitude concerned ; they may possibly have 
been connected with outbreaks farther south which passed unnoticed. The 
most surprising fact brought out by this figure is the degree of correspondence 
between years of outbreak in America and those in Europe ; of the sixty years 
that have passed since the first outbreak was reported from America, there has 
been correspondence in forty years and dissimilarity in only twenty. The 
following table will make this clear : 


Outbreaks in 
both continents : 

13 

In America only : 

10 

In America : 

23 

In Europe only ; 

In neither : 

Not in America : 

10 

27 

37 

In Europe ; 

Not in Europe : 

Total ; 

23 

37 

60 


Thus, of the twenty-three years when there were outbreaks in Europe, only ten 
years were without an outbreak in America ; in the thirty-seven years when 
there were no outbreaks in Europe, they occurred only ten times in America. 
If the three doubtful years mentioned above, 1889, 1890, and 1891 be counted 
as years when no outbreak occurred, the correspondence becomes stronger, 
with forty-three years in which the continents resembled one another, and only 
seventeen in which they differed. It is most unlikely that figures such as these 
should be due to accident, the chances against it being about twenty-two to one 
if the three doubtful years in Rumania are counted as outbreaks, and greater 
than a hundred to one if they are not. It will be seen that the crosses represent- 
ing small numbers in unlikely places tend to strengthen the correlation between 
Europe and America rather than to weaken it. 

The implication of all this is clear. In seeking for an explanation of the 
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outbreaks of 1 . Iwomioa and L lineata, one must look for some large cause, wide 
enough in its effects to have influenced both continents simultaneously. One 
or two authors have, for example, put forward the suggestion that forest fires or 
the passing of locusts or grasshoppers may have caused the multiplication of the 
moths, by cutting back the larger trees and shrubs, and so encouraging the Mowth 
of the lower plants on which the larvae feed. But this will not satisfy the new 
requirements, since a forest fire in America will not benefit L li/vonvica in north 
Amca, neither can the incidence of African locusts have much effect on L lineata 
of America. Incidentally, it has yet to be shown that either sub-species ever 
occurs in forests, or near enough to them to gain by their temporary destruction* 
A possible explanation of the coincidence between outbreaks of sub-species in 
two continents would be that both were subject to a periodicity of the same 
length, and that the periodicities were in phase with one another. A glance at 
figs* 1 and 4 ^ show, however, that there is no regular periodicity. 



An example of a somewhat irregular periodicity to which much has been 
attributed in recent years lies to hand in the sunspot cycle. Sunspot activity 
can be measured by counting the number of spots each year, and the figures of 
such counts are available for the whole period covered by the work on {. livomica. 
The number of spots varies from none (1810) to 137 (1837) ; more general minima 
being 3 to 5, and maxima 80 to 90. The maxima occur on an average every 
eleven years, after which there is a fairly gradual fall towards the rmnimiim , 
followed by a more rapid rise to the next maximum. 

There does seem to be some relationship between the outbreaks and sunspot 
cycle, as shown in fig. 5, which may be expressed in tabular form as follows : 



Total. 

Minimum 

to 

Maximum. 

Maximum. 

Maximum 

to 

Mmimiim. 

Minimiinfi. 

Years .... 

107 

32 

11 

64 

10 

Outbreaks 

To be expected in 
absence of cor- 
relation . 



B 

■ 


3-8 

Observed . 

41 

IB 


20 

1 

Difference 


+ 1*7 

+ 1-8 

-0-7 

-2*8 
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There have been forty-one outbreaks in the past 107 years, and if there were no 
connection between outbreaks and sunspots, this proportion should be preserved 
throughout. The figures predictable on this basis are given in the second line 
of the table, and in the fourth line the difference is shown between these figures 
and the actual outbreaks recorded. The number of outbreaks would seem to 
rise from the minimum towards the maximum, and then to fall away again to- 
wards the next minimum, the difference between predicted and observed values 
being greatest at the year of minimum activity, where the figures are just 
significant. But the possibility of the apparent connection being due to chance 
is not precluded ; it is worthy of note that some of the most recent and wide- 
spread outbreaks (1930-1932) have taken place during a period of rapidly falling 
activity. 

Eeference has been made earlier to the possibility of climate influencing 
the outbreaks of this moth, and rainfall immec^tely comes to mind as the factor 
most likely to be efltective. While rain is usually supposed to be absent 
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from deserts, it is not entirely unknown, especially on their outskirts, and 
when it does fall its effects are proportionately great. Unfortunately, very 
few figures seem to be available for the Old World deserts ; it would seem that 
either there are no weather stations in the Sahara, or else that a rain gauge is 
not considered a proper part of their equipment. By courtesy of the London 
Meteorological Office, I have been able to obtain a few figures; most of them 
come from Eg 3 q)t, but one or two series are from stations near to the more 
westerly part of the Sahara, and one is from Tiflis, in Asia Minor; most of the 
series are comparatively short and much broken. There does not seem to be 
any correlation between them and the outbreaks of L Uvornica, but the figures 
are far too scanty for it to be said with certainty that no correlation exists. 

From America, the United States Department of Agriculture Weather 
Bureau have sent me copies of their climatic summaries for the relevant States. 
Many of these summaries go back before 1875, the year of the first recorded 
L lineata outbreak, and from them it has been possible to compile a table show- 
ing the departures from the «.nnna1 mean rainfall in eleven scattered desert 
States. A portion of this table is illustrated in fig. 6. Since outbreaks tend to 
occur about June, the yearns rainfall has been calculated from June to May, 
instead of from January to December, the more usual method. Where the 
stations showing a deficiency in any year outnumber those showing an excess, 
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it is counted a dry year; where the reverse occurs, it is counted wet. This 
gives a rough criterion by means of which it is possible to divide the period into 
years of relatively high and relatively low rainfall, as a basis for comparison 
with years when outbreaks of lineata occurred. The direct comparison of years 
of outbreak with the rainfall of the previous twelve months does not give a very 
promising result. There is a slight tendency for outbreaks to follow wet years, 
but the figures are not significant, and no conclusions can be drawn from them. 
If, however, the weather for two years preceding the outbreaks be taken into 
consideration the very interesting result is found that there is a distinct tendency 
for outbreaks to occur when a wet year has followed a dry year. These results 
may be summarised as follows : 



Total. 

Dry years 
foUowing 
dry years. 

Dry years 
following 
wet years. 

Wet years 
following 
wet years. 

Wet years 
following 
dry years. 

Years .... 

80 

22 

13 

11 

14 

Outbreaks 

To be expected in 
absence of cor- 
relation 



84 

60 

42 

64 

Observed . 

23 

8 

3 

2 

10 

Difference 

— 

-04 

-2-0 

-2-2 

+ 4-6 


Here, the observed values are below those predicted in every column except the 
last, where wet years following dry years are shown. The figures are significant, 
and the chances against them having occurred by accident in this particular 
proportion are about forty-five to one. The interpretation of these results is 
by no means easy ; indeed, it is difficult to make even an intelligent guess to 
account for the connection between this particular sequence of weather con- 
ditions and the subsequent migrations. One might imagine that the dry year 
forced the insects out to the edges of the desert area, and that if subsequent wet 
weather should stimulate breeding and produce over-population, the moths 
would migrate outwards to cultivated lands as well as inwards towards the 
desert again. But this is to indulge in pure speculation ; the interesting point 
is that these figures do strengthen the suggestion that C. lineata, at least, is a 
species of desert or semi-desert origin. It is a great pity that the paucity of 
weather records do not permit us to check it by comparison with the African 
sub-species. 


My thanks are due to a number of people who have helped me with in- 
formation about the occurrence of CeUrio L lineata and C. lineata livornica, and 
on other points which have arisen in the course of the work ; to Dr. A. 8. Hayt, 
of the United States Department of A^culture, for information about the years 
of abundance of C, 1. lineata in America ; to the many observers of the Insect 
Immij^ation Committee, and to all those who have sent me particulars of 
C, I livornica in private collections in this country. I am also indebted to the 
Secretary of the Royal Observatory, Greenwich, for data on sunspots, and to the 
Directors of the United States Department of Agriculture Weather Bureau and 
the London Meteorological Office for records of rainfall. 
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In particular my gratitude is due to Mr. W. 6. Cochran, of the Rothamsted 
Statistical Department, for the patience with which he has helped me with the 
statistical parts of this paper. 
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When an adequate index was present, such publications were taken volume 
by volume from their commencement. Many, however, had only lists of titles, 
and in these the method used was to pick a promising title, read the article 
concerned, and follow up any reference that might be given. A good deal of 
information was probably lost in this way, but the only alternative was page-to- 
page search, an impossibly lengthy task. Innumerable local lists of Lepidoptera 
for all parts of Europe were consulted, and some references were found in 
standard works, such as Tutt’s British Lepidoptera, etc. Wherever possible such 
references were traced to their original sources, but this could not always be 
done, especially in the case of some of the earlier Russian writers. Some of 
the sources seem to have been privately circulated local lists in manuscript, and 
others I have been unable to trace at all. 

Summary. 

The distribution and outbreaks of the sub-species Celerio lineata lineata Fab. 
in America, and Celerio lineata livornica Esp. in the Old World as far as they are 
known are described. It is suggested that both sub-species originate in semi- 
desert areas, and this idea is supported in the case of the American sub-species 
by showing that a correlation exists between outbreaks of the moths and a certain 
sequence of desert rainfall. No correlation is found between European out- 
breaks and the rainfall of those North African meteorological stations for which 
records are available, but this may be due to the paucity of suitable figures. 

A full account is given of the occurrence of C. 1. livornica in Great Britain, 
and the main European outbreaks are listed. A correlation is given to show 
that both years of unusual abundance and of absence tend to occur simultane- 
ously in Europe and America, and that the cause of outbreaks must therefore be 
sought in some factor common to the two continents. 

There seems to be some correlation between outbreaks and the sunspot 
cycle, but the figures are barely significant. The outbreaks tend to occur away 
from the sunspot minima. 
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THE USE OP LOGARITHMS IN THE INTER- 
PRETATION OF CERTAIN ENTOMOLOGICAL 
PROBLEMS 

By C. B. WILLIAMS 

Chief Entomologist, Rothamsted Experimental Station, Harpenden 
(With 4 Text-figures) 

In many experiments involving a comparison of the numbers of insects 
present under different conditions — ^for example, the number of insects 
on alternative host plants, or in field plots under different treatments; 
the number of insects attracted to different baits or lights, or attracted 
to these under different conditions — ^it is frequently necessary to group 
together the catches in several cases under one set of conditions and to 
compare them with a number of cases under different conditions. One 
wishes, in fact, to compare the ‘‘average” catch under the two con- 
ditions. 

In most cases one does this by adding together the numbers obtained 
under similar conditions and dividing it by the number of cases, thus 
obtaining an average which is an “arithmetic” mean. It is the purpose 
of this note, however, to show that in some experiments a more exact 
interpretation of tlie results can be obtained by the use of a “geometric” 
mean instead of an “arithmetic” mean, and indeed that conclusions 
drawn from the latter may at times be erroneous. Thfe “geometric” mean 
is most simply obtained by adding together the logarithms of the numbers 
in question, finding the “arithmetic” mean of these logarithms and 
reconverting back from this (when necessary) to numbers again. 

During the past 3 years we have had working at Rothamsted a light 
trap for catching insects at night. The number of insects caught per night 
has varied from zero to 72,000, and the total for the 3 years, March 
1933 to March 1936, is over 600,000. 

If we compare the “arithmetic” mean of the captures on nights with 
one set of weather conditions with the “arithmetic” mean of nights with 
another set of weather conditions a serious error becomes apparent, 
owing to the very great variability of the numbers and the swamping 
effect that a single large catch can have on the “arithmetic” mean. 
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For example, on 1 January 1935 inore insects were captured in the 
trap than in the whole of January, February, March and April of the 
previous year. Any ‘comparison which includes these two sets of figures 
is liable to be considerably biased by the one night. Again, the number 
of noctuid moths caught on the successive nights of the full-moon week 
in October 1933 was 0, 0, 1, 62, 0, 0, 0. In the corresponding no-moon 
week the numbers were 2, 4, 0, 0, 10, 3, 3. If we compare the total 
capture in the full-moon week (63) with that of the no-raoon week (22) 
it is obvious that the former is unduly bias(^d by the single large catch. 

Reasoning a priori one might expect that similar diflFerences in en- 
vironment would produce similar percentage increases in a catch rather 
than similar numerical increases. Thus if the catches were on two nights 
under one set of conditions 100 and 1000 insects; and if in another set of 
conditions (for example, a second trap with a more powerful light) the 
catch on the first night was 200, one might expect the catch on tlie 
second night to be 2000 and not 1100, i.e. a similar percentage increase 
and not the addition of 900 insects to each catch. The addition would be 
in proportion to the basic catch. 

If this reasoning is correct tlic proper mean to take for the comparison 
of two series of figures would be the geometric mean and not the arith- 
m(‘tic mean. This, however, would be a cumbersome piece of work if clone 
arithm(»ti(jally, and exactly the same result can be obtained by using 
the logarithm of the number cauglit in each case instead of the actual 
numbers; then for a series of nights one could use either the sum of the 
logarithms of the individual nights (not the logarithm of the sum of the 
numbers), or the average logarithm; or the latter could be reconverted 
back to thc‘ geometric mean by taking the anti-logarithm. 

For example, if a series of catches under two different conditions are 

Series A 5 15 47 1000 2 8 

Series B 4 19 22 99 50 17 

th(‘ (jomparison of the total numbers is 1077 : 211, or of the arithm(*tic 
mean catch 180 : 35. Series A therefore has the higlier average. 

The logarithms of the above scries (to two decimal places, which has 
been found sufficient for all practical purposes) are 

Scries A 0*70 M8 1-67 3-00 0*30 0*90 

Series B 0*60 L28 L34 2-00 1-70 1*23 

So the comparison of the logarithmic sum is 7*75 : 8*15, the comparison 
of the mean logarithm is 1*29 : 1-36, and the comparison of the geometric 
mean (anti-logarithm of above) is 19-6 : 22-8. It will be seen that the 
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large catch of 1000 on one night of the first series no longer swamps the 
proportion, and series B has a higher mean than series A. 

A complication ensues if any value in the series is zero, for the 
logarithm of zero is minus infinity and the geometric mean of any series 
containing a zero is itself zero. It has been found possible in these cases 
to add a unit to all values in the series before taking logarithms, i.e. to 
deal with log (w -f 1) instead of log n. If this is done however it is necessary 
to subtract the unit from the final result when it is reconverted back into 
number from logarithms. 

If this system is used it is found that the sum of log (n+1) for the 
values quoted above for the full-moon week captures of Noctuidae 
become 2*10 while that for the no-moon week is 3’89. Thus the geometric 
mean for the no-moon week is higher than the full-moon week. 

Ainother way in which the use of the logarithm is found to be more 
suitable is in the distribution of departures from a mean. If an arithmetic 
mean value be taken for a series of captures on the number basis and if 
each day’s value is expressed as a departure from the mean, then in the 
case of actual numbers (sec examples 3 and 4 below) the values are made 
up of a large number of small negative departures and a small number of 
large positive departures which give a skew curve which does not lend 
itself to treatment by the normal formulae of standard deviation, etc. 
If on the other hand the departures of the logarithms of n + l from a 
mean logarithm are used, the number of values on either side of the mean 
is almost equal and their distribution near to normal. ^ 

In one case (sec example 3 below) the square root of each number 
was taken as a test and this was found to give a skew distribution, less 
asymmetrical than number curve but definitely not so good as the 
logarithm distribution. 

It is thought that the best way of explaining the methods and results 
more fully would be to give a few examples from actual calculations that 
have occurred in the analysis of the trap records. 


Example 1. A comparison of the catches in a single 
trap on alternate nights 

There is no reason to suppose that with the same trap in the same 
spot there should be any consistent difference between captures on two 
series of alternate nights. Such differences as occur are due to accidental 
alterations of temperature, wind and other weather conditions, super- 
imposed upon which is the experimental error. 
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To test the error that might occur from these causes in a long series 
of nights, the captures in the light trap were added together in two 
series: (a) those on the odd nights of the year (1, 3, 6, etc.), and (b) those 
caught on the even nights (2, 4, 6). 

Table I shows the results when the numbers themselves are summed; 
when the square roots of the numbers are summed; and when the 
log (n + l) are summed for each of the three years 1933-5. The number 
of nights on which the trap was working was 300 in 1933 (March to 
December), 364 in 1934 and 368 in 1935. 


Table I 



1933 (9 months) 

A 

1934 

1935 

All 3 years 


Odd 

Even 

Odd 

Even 

Odd 

Even 

Odd 

Even 

X n 

61,:168 

47,385 

56,689 

40,260 

243,556 

160,468 

361,613 

248,113 

Ratio n 

129 

100 

141 

100 

152 

100 

145 

100 

X ^/n 

2,131 

1,975 

2,198 

1,897 

— 







Ratio n 

117 

1(K) 

135 

100 

— 

__ 


— 

L log (» + 1) 

266-62 

265-70 

301-73 

288-39 

322-25 

327-77 

890-60 

881-86 

Ratio n 

101-4 

100 

118-5 

](K) 

100 

107-4 

104-2 

100 


It will be seen that by the accidental distribution of weather con- 
ditions and experimental error the odd nights in each year, when summed 
on a number basis, have differed very considerably from the even nights. 
The total catches on the odd nights were greater by 29 per cent in 1933, 
by 41 per cent in 1934, and by 52 per cent in 1935: with a total difference 
on all 3 years (including over 1000 nights) of 45 per cent. Thus if a 
different trap or a different intensity of light had been used for one of the 
two series a difference of 46 per cent after 3 years would have demon- 
strated no real difference in efficiency. 

When the \/n was used as a basis of summation (this was not done 
for the third year as no advantage seemed to be gained) the ratios 
between the mean catches were lower but still large, 17 per cent in 1933 
and 35 per cent in 1934. 

When log (n-f- 1) was used the difference was reduced to 1*4 per cent 
in 1933, to 18*5 per cent for 1934, and to 7*4 per cent in favour of the 
even nights in 1935. The difference in the total captures on the odd and 
even series in 1935 was about 83,000 insects but of these 72,000 occurred 
on one night, so that the great effect produced by the use of logarithms 
is not so unexpected. 

For the 3 years together the use of logarithms have reduced the 
difference to 4*2 per cent from the 46 per cent difference in actual 
numbers. 
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Example 2. A comparison of the catches of Noctnidae in 
weeks of fulUmoon and of no-moon 

Table II shows the captures of Noctuidae in the full-moon and no- 
moon weeks of six summer months in each of the 3 years 1933-5, The 
totals are based first on a sum of the actual numbers caught (n) and 
secondly on a sum of log (w + 1 ). The larger number in each pair is in 
heavy type (Williams, 1936). 











AU 



May 

Juno 

July 

Aug. 

Sept. 

Oct. 

Total 

3 years 





Numbers (n) 




1933 

FuU 

15 

56 

68 

64 

29 

63 

284 



No 

19 

96 

73 

72 

76 

22 

363 


1934 

FuU 

2 

52 

37 

69 

61 

1 

222 

1242 


No 

25 

56 

140 

76 

204 

71 

576 

2859 

1936 

Full 

2 

15 

477 

168 

64 

10 

736 



No 

23 

179 

917 

385 

267 

133 

1904 





Logarithms L log {n + l) 




1933 

Full 

2-76 

751 

6-49 

6-03 

4-25 

2-10 

29-14 ^ 



No 

3-59 

7*36 

714 

7-14 

7-34 

3-89 

36-46 


1934 

FuU 

0-60 

4*20 

5-31 

6-63 

5-77 

0-30 

22-81 1 

83-41 


No 

3-64 

5-86 

901 

711 

1020 

695 

42-77 

133-20 

1935 

FuU 

0-60 

2*75 

10-87 

8-99 

6-32 

1-93 

31-46 



No 

3-49 

7*93 

1386 

11-70 

992 

7-07 

63-97 



In each case 17 out of the 18 weeks give values in favour of no-moon, 
indicating that there is undoubtedly a consistent difTorence between tlie 
full- and no-moon weeks. 

With the numbers the mean difference per week between the two 
is 87*6 with a standard deviation of ± 27*3. Tliis gives a ‘‘T’ test (that is, 
the mean difference divided by the standard deviation) of 3*2. 

On the logarithmic basis the mean difference per week is 2*77 with 
a standard deviation of ±0*44 which gives ^ = 6*3. Thus, as t is a measure 
of the significance of the results, the use of the logarithms has given a 
result of very much higher significance than the use of numbers. The 
mean catch per night calculated from the numbers (that is arithmetic 
mean) is 9*9 insects for the full-moon nights and 22*7 for the no-moon 
nights or a ratio of 100 to 229. The geometric means (obtained by 
reconverting the mean logarithm per night back to an anti-logarithm 
and subtracting one) is 3*59 insects for the full-moon nights and 10*40 
for the no-moon nights or a ratio of 100 to 289. It is therefore seen that 
as the differences were consistent they have not been reduced (but 
actually increased) by the use of logarithms, in direct comparison with 
the results obtained in the first example where non-consistent differences 
are very much reduced. 
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Example 3. Captures of all insects in June to August 1933 
and the departures from a mean 

Fig. 1 shows the captures day by day for the months of June, July 
and August 1933 of all insects, first on a number basis, then on the square 
root, and finally on the basis of log 1 ; with a running 16-day mean of 
the values in each case. 


Number (n) 


4 - 


-1000 


+1000 


+2000 


+3000 


+4000 


- 4 - 


4 - 


Square root (y'n) 


« • « « • • 


4 - 


- 4 - 


4 - 


-20 -10 0 +10 +20 +30 +40 


« * * Logarithm (log n + 1) 

• • • 

• « • • • 

•• •• 

• 9 % f*« ••••« • 

t • •«•«•*•••#•#•• 

1 1 XJ_I 1 

- 1*0 0 + 1-0 

Pig. 2. 

Fig. 2 shows the distribution of the departures from the mean in each 
of the three cases. It will be seen that on the number basis the de- 
partures consist of a larger number (60) of smaller negative departures 
and a much smaller number (29) of larger positive departures, giving a 
skew distribution. 

The square roots give a less skew curve with 61 negative and 39 
positive departures, the latter havmg nearly twice the range of the 
former. The logarithm gives 41 negative and 47 positive departures with 
almost the same range. 
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Example 4. Time of flight during the night of all Diptera in the years 
1933, 1934 and 1935, and month by month in 1935-6 
The light trap which is in use at Rothamsted is fitted with a me- 
chanism so that eight killing bottles pass under the light in succession 
each night. The timing is so arranged that each bottle contains the 
insects caught in one-eighth of the night, starting from half an hour 
after sunset and ending half an hour before sunrise. Four of the bottles 
are before, and four after midnight. 

If over any series of nights the captures in bottle 1 or bottle 2 etc. 
arc added together, a general measure of the abundance of insects caught 
at that time of the night can be obtained, and lienee, from all the bottles, 
the distribution of the captures during the night. 

Table III shows the number of Diptera caught in each period of the 
night in each month of 1935-6 on the basis of the sum of numbers and 
the sum of log (n 4- 1). The maxima in each month are in heavy type and 
the minima in italics. 


Period of night . 

.. 1 

2 

Table III 

3 4 

5 

6 

7 

8 

1936 Mar. 

361 

214 

Number 

140 139 

117 

166 

107 

72 

Ajir. 

187 

109 

84 

78 

38 

34 

9 

14 

May 

2,204 

2,204 

807 

1,081 

611 

443 

206 

293 

June 

4J90 

16,859 

15,0.34 

14.7(K) 

14,319 

7,169 

8,751 

4,4.30 

July 

5,893 

12,568 

14,489 

23,356 

9,254 

8,652 

7,112 

5,771 

Aug. 

5,746 

6,592 

7,958 

6,950 

5,015 

3,717 

6,599 

3,166 

Sept. 

2,580 

1,922 

1,277 

1,641 

2,356 

2,334 

1,091 

1,018 

Oet. 

3,306 

1,462 

954 

1,176 

1,552 

787 

574 

1,354 

Nov. 

933 

497 

238 

316 

1,135 

1,382 

2,601 

1,456 

mv. 

113 

81 

69 

63 

79 

67 

189 

128 

1936 Jan. 

198 

233 

413 

111 

201 

131 

112 

72 

Keb. 

49 

10 

62 

85 

100 

6 

10 

5 

1935-36 Total 

25,850 

42,751 

41,525 

49.696 

.34,677 

24,888 

27,361 

17,719 

1933-34 „ 

12,564 

13,184 

11,756 

10,304 

10,810 

9,341 

7,798 

6,034 

1934-36 „ 

11,193 

8,221 

6,571 

6,657 

8,224 

6,956 

5,433 

7 647 

1035 Man 

22-38 

16-90 

Logarithm (n + 1) 
13-30 10-79 

9-10 

9-71 

10-60 

8-04 

Apr. 

14-50 

11-44 

9-66 

8-43 

6-06 

5-67 

2-28 

2-95 

May 

2976 

2616 

22-84 

23-44 

19-00 

18-20 

15-07 

18-44 

June 

42-99 

49 42 

43-41 

40-42 

41-12 

34-68 

37-61 

40-01 

July 

68-20 

62 55 

62-61 

69-33 

55-45 

53-22 

49-39 

45-37 

Aug. 

59-49 

67-31 

65-58 

62-40 

49-35 

45-44 

46-63 

45-57 

Sept. 

46 22 

40-29 

36-16 

33-46 

35-96 

.30-70 

26-57 

30-31 

Oct. 

27-58 

22-68 

22-44 

25-66 

24-78 

24-48 

23-75 

22-46 

Nov. 

31-56 

19-53 

16-65 

18-17 

17-39 

16-47 

21-39 

20-40 

Deo, 

1248 

7-04 

7-30 

8-35 

7-99 

5-69 

8-47 

11-01 

1936 Jan. 

12-06 

6-72 

10-33 

8-41 

6-14 

5-32 

6-17 

6-94 

Feb. 

5-04 

2-28 

3-02 

2-23 

3-18 

0-85 

1-82 

1-38 

1936-36 Total 

362 26 

321-3 

301-2 

291-0 

276-6 

250-4 

249-8 

252-9 

1933-34 

280-0 

264-4 

242-1 

226-3 

216-8 

219-9 

194-3 

187-2 

1934-36 „ 

311-8 

247-7 

219-2 

209-6 

199-0 

184-0 

164-5 

190-2 




fourth and twice in the seventh. On the logarithm the maximum is in 
the first period in ten months and in the second in two. 

When the annual totals are compared (Table III and Fig. 3) the 
numbers show a maximum once in the first period, once in the second and 
once in the third. The logarithm shows all 3 years with the maximum 
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in the first period. The reason that the sum of numbers generally gives 
a maximum flight later in the night than the logarithmic sum is that 
nights with exceptionally high catches tend to be nights in which the 
activity is late. This can be tested by separating the nights in each 
month into classes based on whether the catches are above or below 
normal. When this is done both numbers and logarithms show similar 



differences, indicating that the effect is real and consistent (Williams, 
1936, p. 633). 

Note, Mr W. Yates of the Statistical Department at Eothamsted 
Experimental Station has drawn my attention to the fact that the curve 
of the relation y-log (w-f 1) closely approximates to the curve 
for low numbers, being identical when w=0, 1-8 and 9. At values of n 
above 10 it gradually departs from the square-root curve and approaches 
more and more closely the curve y=logn from which it is practically 
indistinguishable (in the second decimal place) at values above 100. 


Scale for square roots 
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Fig. 4 shows the relations graphically. The result is that by using the 
value log (w+1) in analysis as above, we are substantially using a value 
proportional to '\/n for low numbers and one proportional to log n for 
high numbers. 


Summary 

Evidence is brought forward that in comparing the numbers of insects 
caught under varying conditions, with particular reference to captures 
in a light trap, more consistent results are obtained if the geometric 
means are compared than by the use of arithmetic means. This is most 
conveniently done by summing the logarithms of the numbers instead 
of the numbers themselves. If any of the numbers in the series is zero 
it has been found practical to add one unit to all the captures in the 
series and so deal with log (ti + 1) instead of log n. 

The use of the logarithms prevents the swamping of the results in a 
series of observations by very high numbers on a single night. It also 
gives a more normal distribution of departures from a mean. As a result 
of the latter it is possible to apply the statistical formulae for standard 
deviation etc. which are not applicable to tlie skew curve obtained by the 
use of the departures of the numbers themselves from an arithmetic 
mean. 
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1. Review op methods previously used 

In the course of some investigations now being carried on at Rothamsted 
on the action of soil fumigants, the ability to determine rapidly the 
density and nature of the soil population became essential. A scrutiny 
of the literature (1, 2, 3, 4, 9, 10, 12 and 13) showed that in all investiga- 
tions on the insect fauna of the soil their quick separation, alive and 
undamaged, was a matter of great difficulty and there was no method 
that would quite meet our requirements. 

The original primitive procedure was to crumble the soil by hand 
and examine it in small quantities after spreading it out on sheets of 
paper. With a soil containing much clay it is impossible to get it in a 
condition friable enough to crumble, without losing many of the smaller 
insects such as Collembola, and dipterous larvae, both on account of 
their activity in escaping and by their death on drying. As a result there 
is little doubt that the numbers recorded are considerably lower than 
the truth. 
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The various improvements on this primitive method may be placed 
in three main classes: 

(1) Voluntary movement of fauna from the soil, 

(а) Attraction to warmth. 

(б) Attraction to warmth aided by repulsion from light. 

(2) Separation of fauna from the soil by sieving. 

(a) Straight sieving of soil in a semi-dry condition. 

(b) Washing the soil through sieves with or without shaking. 

(3) Separation of fauna from the soil by flotation in water. 

(а) Without preliminary sieving. 

(б) On the residue after washing the soil through sieves. 

(1) Voluntary movement of fauna from the soil 
(a) Attraction to warmth. 

Berlese ( 20 ) in 1 905 devised an interesting piece of apparatus for collecting 
minute insects from the soil, moss and similar materials. The apparatus 
consists of a double-walled metal funnel with a fine-mesh sieve across 
the top and a tube leading to a small bottle at the bottom. The space 
between the two walls of the funnel is nearly filled with water which is 
kept warm. The material to be examined is spread out on the sieve, 
when the animals in it move downward through the sieve towards the 
warmth and away from the light into the bottle. 

According to Williams ( 19 ) the greater part of the catch will come 
through in the first 24 hours. 

(h) Attraction to warmth aided by repulsion from light. 

Tragardh(i7, 18) made experiments with a modification of the Berlese 
funnel as improved by Tullgren in 1917. The soil or other material on 
the sieve was illuminated and heated from above by an electric lamp. 
The action of the lamp was twofold; one direct, resulting in the rapid 
movement downward of those animals that react negatively towards 
the light; and the more slow indirect action of the light and heat, causing 
a drying out of the upper layers of the material resulting in a movement 
of the fauna to the damper lower layers. 

(2) Separation of fauna from, the soil by sieving 
{a) Straight sieving of dry soil. 

Lane (8) in 1928, in order to facilitate the investigation of subterranean 
insects, particularly wireworms, used a soil sifting machine. The semi-dry 
soil was passed through screens with meshes of increasing fineness. Ho 
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found that a screen of 12 meshes to the linear inch was sufficient to retain 
bigger larvae; while the smaller larvae and eggs of most of the injurious 
Elateridae indigenous to the North-West Pacific area of the United States 
could be separated from the soil by a 40-mesh screen. 

(6) Washing the soil through sieves with or without shaking, 

A most important step forward was made by Morris (ii) when he 
introduced a method whereby the soil insects and other arthropods were 
separated by washing and stirring the soil with a strong stream of water 
through a series of sieves. The material left on the various sieves was 
then examined separately. This method gave higher numbers for the 
faunal population, but the quantity of soil to be examined on the various 
sieves was still a large fraction of the sample taken. 

Morris’s apparatus comprised an outer case of galvanized iron sup- 
porting three sieves of different mesh, that with the largest mesh being 
on the top, the intermediate size in the middle and the smallest below. 
A lead pipe fitted with a large spray nozzle was clamped to the upper 
edge of the case and was connected at the other end with a water supply; 
there was also an outlet at the bottom of the case. The soil to be examined 
was placed in the upper sieve, the water turned on and the soil thus 
washed out was divided into three lots, the finest particles being carried 
away with the waste water and the insects being retained on the various 
sieves according to their size. 

Using Morris’s method, with a 12-lb. sample of Rothamsted soil the 
washing occupies 50 min. to 1 hour and the subsequent examination 
several days. 

The disadvantages of this method are: 

(1) The long time and labour entailed in picking the insects off the 
sieves and separating them from the sandy residue. 

(2) The insects are badly damaged by the agitation and friction with 
the stones. 

(3) The constant attention required. 

(4) The general uncleanliness of the process which makes it un- 
desirable to work in an ordinary laboratory. 

(5) The impossibility of using the apparatus for the large number 
of samples required by an experiment designed in accordance with 
modern statistical procedure. 

Shirck(i4) tried a modification of Morris’s method for separating eggs 
and young larvae of wireworms. He designed an apparatus consisting 
of a wooden rack to hold a series of sieves of 10-, 30-, 40- and 50-me8h, 
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a hose equipped with an adjustable nozzle, and a small funnel with an 
interchangeable screen bottom for collecting the residue from various 
pans after washing. The iO-mesh screen retained practically all the eggs; 
while the newly hatched larvae were caught by the 50-mesh screen. 

Thiem(i5) also constructed an interchangeable soil sieve, similar to 
that of Shirck, and used it successfully for separating the pupae of 
Rhagoletis cerasi L. from the soil. It consisted of a tripod supporting a 
funnel over which were placed four close-fitting sieves one above the 
other. Each sieve had an interchangeable bottom consisting of a brass 
screen disc soldered to the metal ring. 

(3) Separation of fauna from the soil by flotation in water 

(a) Flotation without preliminary sieving, 

Daniels (5) devised a method which proved very satisfactory in North 
Eastern Colorado for obtaining the larvae and pupae of the potato flea 
beetle (Epitrix cucumeris Harris) in potato fields. The larvae and pupae, 
which were too delicate to withstand the ordinary method of sifting and 
washing, were floated to the surface by agitating the soil in shallow 
galvanized pans with water which was subsequently poured through 
brass screens of increasing fineness. The soil was allowed several minutes 
to settle so as to eliminate clogging of the screen with mud when the 
liquid was poured off the sample. The rubbish with the pupae and larvae 
were caught on a 1 /20-in. screen, but the majority of the larvae were 
found on the 1/40-in. screen. 

(b) Flotation after sieving, 

Mabyn Thompson (is ) at Aberystwyth after sifting the soil for a pre- 
liminary examination, took small portions and washed them through a 
sieve of about 0*75 mm. mesh, shaking at the same time. The residue 
on the sieve was then stirred with water in a dish and small organisms 
would float on the surface of the water. The water was poured off and 
the process repeated with fresh water until nothing more was found. 
Edwards (6) at Aberystwyth modified Thompson’s procedure by using 
a series of three sieves 3*5 mm., 1-5 mm. and 50 meshes to the linear 
inch respectively. 


II. Description of new method 

In view of the inefficiency of the existing methods and their un- 
suitability for modern demands a new system of separation became 
necessary. 
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The problem was attacked in two ways: 

(а) Direct flotation. 

(б) Flotation by making use of the surface relationships of the insects 
and a liquid medium as used in the separation of minerals. 

Only the first method has been developed to a state of eflS.cienoy and 
forms the subject of the present paper. 

(1) Preliminary trials 

The density of typical soil insects in various physiological states was 
determined and it was found that in no case was it higher than 1*1, even 
when the insect was contracted. 

The next step was the selection of a liquid of the required density 
which would be non-toxic to the insects when the latter were immersed 
in it for a reasonable period, say 20-30 min. The liquid must be cheap 
and easily handled, and have no dispersive action on the clay in the soil. 

After sundry trials a solution of magnesium sulphate in water was 
selected ; this has the additional advantage of flocculating the clay, but 
some other material may be found to be equally or more suitable. Com- 
mercial calcium chloride can be used, but it precipitates the “hardness*’ 
of the tap water and the clear solution must then be decanted from the 
precipitate after standing. Moreover, it is more unpleasant to work with 
than magnesium sulphate. Water alone could be used if only Collembola, 
mites and other organisms with a low density were required, but in a 
clay soil a complete separation from the mud would not be possible. 

(2) Principle of the method 

The soil is stirred up gently with a solution of magnesium sulphate^ 
(sp. gr. Ml) in a metal cylinder and a stream of very fine air bubbles is 
passed up through the mixture. The air bubbles help to free the insects 
quickly from the soil and these rise to the top of the liquid in a froth 
mixed with organic debris, most of which, however, is held back by a 
coarse sieve placed just below the surface. The level of the liquid in the 
cylinder is raised by the gradual inflow of magnesium sulphate by gravity 
from a reservoir. 

The top of the cylinder is fitted with a conical head culminating in 
a small rectangular opening. The froth collects in this opening and over- 
flows down a chute into a sedimentation tank full of the magnesium 
sulphate solution. Any soil coming over with the froth is deposited here 
while the froth with its content of soil animals sweeps over the surface 
of the liquid on to a Buchner funnel fitted with two filter papers. No. 1 
Whatman underneath, and No. 29, a black paper, on top. The liquid is 

^ Approximately 25 % solution of the commercial crystallized salt (Bath salts). 
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filtered off and the debris given two quick washings with water. The 
bigger insects can be seen with the naked eye and are picked up with 
forceps but for smaller insects the filter paper must be cut into strips 
and examined under a binocular microscope. The apparatus as at present 
in use will take 7 lb. of soil, but works better with a smaller quantity, 
5-6 lb. Once the soil is added the process of separation is almost auto- 
matic, so it would be possible to have several machines in use at the 
same time or one machine in use while the others were being cleaned. 
The limiting factor is of course the time necessary for the full examina- 
tion of the debris. The quantity of residue to be examined is less than 

I per cent of the original soil, whereas with Morris’s method and its 
modifications the quantity may be from 30 to 60 per cent or more. 

(3) Description of the apparatus 
The apparatus (PL XXXIX, fig. 1 and Text-fig. 1) consists of: 

(а) A cylinder in which the soil is mixed with the liquid. 

(б) A conical head fitted to the top of the cylinder with a watertight 
connexion. 

(c) A combined stirrer and air bubbler supporting two sieves. 

(d) A stirring mechanism. 

(e) An air pump and manometer. 

(/) A small electric motor for stirring. 

(ff) A soil sedimentation tank. 

(h) A glass reservoir containing the solution. 

(t) A Buchner funnel and (J) filter flask. 

(а) The mixing cylinder (PI. XXXIX, fig. 1, a and Text-fig. 1, a). 

This is made of galvanized sheet iron. It is in. in diameter and 

I I in. high; it has a rim in. wide soldered on to the bottom to raise 
it sufficiently to allow clearance for the discharge outlet. This outlet is 
in the form of a “Honey-Gate” (1) and can be purchased from makers 
of bee-keepers’ appliances. The outlet is fitted on the bottom of the 
cylinder and projects through the lower rim. By means of the “Honey- 
Gate” a quick discharge of the contents of the cylinder is obtained. 

Two handles (2) are soldered opposite each other at right angles to the 
honey gate. In the centre of the bottom inside is soldered a small piece 
of brass plate with a hole to act as a bearing for the lower end of the stirrer. 

(б) The conical head (PI. XXXIX, fig. 1, h and Text-tig. 1, b). 

This is made of galvanized sheet iron. A rim 1| in. wide fits over 
the upper rim of the cylinder. The conical portion of the head is 4 in. 
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in height and culminates in a rectangle 2 in. high, in. long and 3 in. 
in width open at the top. 



Text-fig. 1. Diagrammatic representation of the whole apparatus mounted in the 
wooden frame. For explanation of lettering see text. 

Key to numerals used in Text-figs. 1 and 2 

1, discharge outlet of cylinder; 2, handles; 3, rubber ring; 4, central tube of hollow 
stirrer; 5, hexagonal box of stirrer; 6, air tubes; 7, air outlet; 8, brass caps; 9, brass wire; 
10, clip for baffles; 11, rubber stirring baffles; 12, bearing point; 16, threaded collar; 
17, hexagonal nut; 18, brass tube connexion; 19, flanged tube; 20, hexagonal back nut; 
21, brass boss; 22, iron strap; 23, brass pin; 24, crank; 25, connecting arm; 26, baffle 
plates; 27, chute; 28, hp; 29, over-flow pipe; 30, discharge outlet of tank; 31, handles; 
32, tap funnel. 

The watertight connexion between a and b is made thus: the upper 
rim of the cylinder and the rim of the conical head are each covered 
with a wide rubber ring and fixed in position with paint. In addition, 
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there is another ring 3 in. wide (3) over the rubber ring on the rim of the 
cylinder, fixed in position by means of adhesive tape and copper wire. 
The upper half of this is rolled back and when the conical head is placed 
in position the ring is pulled over the rubber on the rim of the conical 
head and makes a perfectly watertight joint. 

Note. An improved mixing cylinder and conical head (PI. XXXIX, 
fig. 2). The cylinder is fitted with a narrow flange IJ in. wide. On this 
flange is fixed a soft rubber washer ^ in. thick. The conical head is pro- 
vided with a similar flange and rubber washer. Six bolts are fixed to the 
flange on the cylinder and pass through holes in the upper flange. Over 
each bolt is fitted a loose strip of iron 1 in. wide and 3 in. long with a 
hole in the middle. The flanges may then be tightened together to make 
a waterproof joint by means of butterfly nuts. 

The connexion between the conical head and cylinder could be made 
with flanges and hinged bolts such as are used with autoclaves, but in 
that case very much heavier flanges would be required which would add 
considerably to the cost of the apparatus. 

(c) Combined stirrer and air bubbler (PI. XXXIX, fig. 3 and Text-fig. 2, 
(c), (d) and/). 

A brass tube, | in. in diameter and 23^ in. long (4), is screwed at its 
lower end into a hexagonal brass box (5) 2| in. in diameter with faces 
I in. deep. In the centre of each face of the hexagon a brass tube (6) 
in. in diameter is screwed and soldered. These tubes are alternately 
short and long, the short ones projecting 1| in. and the long ones in. 
from the faces of the box. 

A hole (7) J in. in diameter is bored in the upper surface of each tube 
about I in. from the outer end which is threaded and closed with a small 
brass cap (8). A piece of strong brass wire (9) is inserted through each 
tube half-way between the hole and base of the tube, and soldered in 
position. To the lower portion of each tube is soldered a length of channel 
brass (10) 3 in. long and ^ in. wide, cut away to clear the brass caps. 
(If the side tubes were threaded internally, brass plugs could be used 
instead of the caps and this cutting away would be unnecessary.) The 
channel brass forms a clip holding narrow pieces of thick rubber (11) 
(3 in. long and | in. wide) which are kept in position by two lengths of 
copper wire or by rivets passing through holes in the brass and rubber. 
The rubber strips form the stirring baffles. A piece of in. brass rod (12), 
J in. long and pointed is screwed into a small hexagonal nut soldered 
on to the centre of the lower surface of the hexagonal box to act as a 
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(i) 


Text-fig. 2. o, plan of reducing gears and stirring mechanism; t, elevation of stirring 
mechanism connexion ; c,plan of base of stirrer and air huhhler; d, cross-section through 
base of stirrer. 
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bearing point. After removing the caps, the side tubes are packed tightly 
with cotton wool pressing against the cross- wires, and the caps replaced. 

When air is pumped through the centre tube it passes through these 
cotton-wool pads and emerges as a stream of fine bubbles. Some little 
practice is needed in order to get the packing even in all the six tubes. 

Experiments are being made with sintered glass and with a special 
type of porous stone as a substitute for the cotton wool. 

The sieves (PI. XXXIX, fig. 3). The bottom sieve is 8 in. in diameter — 3 
meshes to the linear inch, with a vertical rim in. in height. The 
sieve is fitted with a central collar connected to the rim by means of two 
lengths of iron rod. The collar is bored and threaded to take a butterfly 
screw to fix the sieve in any desired position. The upper sieve is of the 
same mesh as the lower, but slightly smaller in diameter. It is dome- 
shaped with the convex side upwards. It is fitted with a collar and 
butterfly screw so that it can be fixed in a high position, out of the way, 
while the soil is being put into the cylinder. The lower position of the 
sieve is fixed by a fork made of brass with its two prongs pointing 
upwards. The cross bar of the sieve sits in between the prongs when the 
sieve is lowered. This position is such that the top of the sieve is just 
below the top of the cylinder. 

At the top of the central tube a threaded collar (16) is fixed, | in. long 
and I in. in diameter with a hexagonal nut (17) 1 in. in diameter below it. 

{d) The stirring mechanism (PI. XXXIX, fig. 1, d, Text-fig. 1, d and 
Text-fig. 2, a and 6). 

A brass tube 7^ in. (18) long similar to that used for the central tube 
of (c) is fitted at the lower end with a wide piece of brass tube f in. long 
with a narrow flange (19) at the lower end screwed on and soldered in 
position. A hexagonal back nut (20) is a loose fit over the tube and is 
retained by the flange. This nut is threaded internally to engage with the 
threaded collar ( 1 6) of the stirrer, a lead washer being used to secure an air- 
tight connexion when the two hexagonal nuts are tightened with spanners. 

A brass boss (21) ^ in. wide is slipped over the tube If in. from the 
top and soldered in position; on this is soldered a piece of iron strip (22) 
i in. thick, 8 in. long and J in. wide rounded at each end. Holes J in. 
in diameter are bored at J in. intervals from the far end and threaded 
to take a brass pin (23) 1 J in. long which extends | in. above the iron 
strip and is held in position by means of a screw washer above and a 
small nut below. The best working position is when the pin is in the fifth 
hole from the end. 



A series of reducing gears from the motor finish up with a crank (24) 
giving a throw of in. The connexion between the crank and the iron 
strip is made by an arm (26) 9 in. long with a socket at one end with four 
holes at ^ in, intervals at the other. One of these holes fits over the pin 
in the iron strip and the socket slips over the pin of the crank. 

For most purposes 100-120 revolutions per minute are found to be 
satisfactory with the stirrer moving backwards and forwards through 
an angle of 50°. But these details can be altered in accordance with the 
motor power available and the type of soil being examined. 

(e) The air pump and (e^) manometer (PI. XXXIX, fig. 1, e and 
Text-fig. 1, e and % and Text-fig. 2 (a), e). 

A Marco air pump is used. A pressure of 14-18 cm. of mercury is 
required to drive the air through the cotton-wool. 

(/) Electric motor (PI. XXXIX, fig. 1, /, Text-fig. 1, / and Text-fig. 
2 (a),/). 

A motor which develops 1/40 h.p. is used, but a slightly more powerful 
one would be better. 

(g) Soil sedimerUation tank (PL XXXIX, fig. 1, j and Text-fig. 1, g). 

This is made of galvanized iron. It is 17 in. high, 14 in. long and 
6 in. wide. Two baffle plates (26) 9 in. deep are fixed centrally across the 
length of the tank, in. apart. The chute (27) leading from the conical 
head rests on the surface of the liquid in the tank and the baffle plates 
serve to guide the insects and debris across the tank to the lip (28), 
which extends over the Buchner funnel. 

On the front of the tank 1^ in. from the top a narrow pipe (29) is 
fixed as an overflow to allow the surplus liquid to escape. The top of 
the lip is fixed at a level just above that of the outlet. The discharge 
outlet is in the form of a honey gate (30). The tank is provided with 
two handles (31) one in the front and one at the back. 

(h) The glass reservoix (PL XXXIX, fig. 1, A, Text-fig. 1, h and Text- 
fig. 2 (a), h). 

This is an ordinary aspirator bottle with a capacity of 10 litres. The 
outlet is filled with a rubber stopper through the centre of which passes 
a glass tube bent at right angles. The lower end of the tube is inserted 
in a rubber stopper in the top of a small tap funnel (32) which provides 
a visible flow for the liquid. 
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(i) Buchner funnel and (j) filter flask (PL XXXIX, fig. 1, i and j and 
Text-fig. 1, i andj). 

The funnel is in. in diameter and the filter flask has a capacity 
of 2*24 litres. 

The whole apparatus is mounted in a rectangular frame 3 ft. 6 in. x 
2 ft. 9 in. X 12 in. wide, with the stirring mechanism and reservoir above. 
The brass tube (18) of the stirring mechanism passes through a hole in 
the top of the frame, IJ in. in diameter, which is then closed by two 
semicircular pieces of hard wood flanged to prevent them falling through 
the hole. These act as the upper bearing of the stirrer. 

(4) Technique 

Mr K. D. Baweja who is using the apparatus for his investigations 
on soil insects finds that the following procedure gives the best results. 

A soil sample 3 x 4 x 9 in. is taken with the help of iron plates de- 
signed for the purpose, and put in a bag which is closed and brought to 
the laboratory. It is first of all examined rapidly in an enamelled basin 
and all the macrofauna visible to the naked eye removed. As the soil 
of the Rothamsted Experimental Station is very flinty, some big stones 
which are likely to interfere with the subsequent treatment are separated 
and stirred in a vessel containing magnesium sulphate solution which is 
transferred to the machine during the course of the operation. 

The soil after preliminary examination is poured on to the bottom 
sieve of the stirrer resting in the cylinder, the sieve being fixed some 
4 in. above the brass box. The top sieve is then let down to its proper 
position and the cylinder closed with the conical head. It is now trans- 
ferred to the wooden frame, connected with the air pump, and the chute 
of the conical head directed into the sedimentation tank so that the end 
of the chute is just touching the surface of the liquid. Sufficient quantity 
of the solution, including that from the large stones mentioned above is 
poured into the cylinder so as to bring its level just below the rectangular 
opening of the conical head. The air pump is then started and continued 
for 3-5 min. This helps to extricate the animals not embedded in the 
soil and cause them to float at once. The stirrer is now started by 
switching on the electric current. Uniform churning of the soil is main- 
tained from 5 to 10 min. continuously or at repeated intervals of 3-4 min. 
In the process of stirring, debris along with the soil fauna starts rising up. 
If all the debris floats at once there is no need to work the stirrer again, 
but if it is found to take some time, as it frequently does, stirring is 
repeated once or twice as necessary. Soon after starting stirring, the 
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solution is let into the cylinder from the reservoir and its flow regulated 
to about 450 c.c. per min. As the level of the solution rises all the 
floating material passes into the sedimentation tank. The latter is pro- 
vided with a small pipe l^in. below the top edge connected with 
rubber tubing on the front side to drain off the excess of liquid. When 
no more debris is seen to rise, the air pump is stopped and the pipe 
closed. With the continuous discharge of the solution from the cylinder 
the level of the solution in the sedimentation tank soon begins to rise 
and the liquid starts floating down into the Buchner funnel. This is fitted 
with a white filter paper with a black one above. As the muddy solution 
from the cylinder passes over the sedimentation tank, the mud settles 
down and by the time the liquid reaches the funnel it has become nearly 
clear. Froth, grass blades, etc., stick to the sides of the conical head of 
the cylinder and the sedimentation tank and require brushing or sweeping 
with a rubber spatula. If the whole process is manipulated carefully 
very little solution is received in the funnel and this is conveniently 
filtered in a short time with the help of the suction pump. The residue 
left in the filter paper is washed rapidly with a small quantity of distilled 
or tap water and examined with a magnifying glass to remove the bigger 
organisms. The filter paper is then transferred to a glass dish and 
examined under a binocular microscope in strips for the more minute 
fauna. The whole process from taking the soil sample to the examination 
of residue takes from 30 to 40 min. 

If churning is carried out too long, the more delicate organisms, such 
as aphides and thrips, are damaged; the amount of stirring is therefore 
according to experience. 

The solution in the cylinder is drained out from the discharge outlet 
at the bottom and poured over a sieve (1-5 mm. mesh) into a bucket 
as a check to ensure the capture of larger worms that might have been 
missed in the preliminary examination or failed to float. But out of the 
observations made so far with the machine not a single specimen has 
thus been found. 

The weight of the sample taken depends upon the moisture content 
of the soil. If the weather is dry it weighs from 5^ to ^ lb., but if it 
is wet the weight increases to 7 and occasionally 7f lb. The apparatus 
has been dealing efficiently with the whole amount of the samples in 
regulated one treatment. 

The total volume of liquid required for the apparatus is 47 litres: 

Reservoir 10 litres 

Cylinder and head 16 „ 

Tank 22 .. 
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The solution may be used over and over again after standing to 
allow the soil to deposit. The loss is about 5 per cent per operation. 
Before using the solution again it must be tested with a hydrometer 
and if necessary brought up to strength by the addition of more mag- 
nesium sulphate. 


III. Results and comparison with other methods 

Preliminary experiments made by the writer showed that the number 
of insects and other animals obtained from soil with the apparatus was 
always much higher than that found by Morris’s method. 

Table I 

Bubbling and imchanical stirring as compared with hand stirring — 
both in MgS 04 solution 

NumlKjrs of soil animals 

^ . A ^ 

Ladell’s machine Stirring by hand Difference 


Series 

Type of soil 

In- 

sects 

Other 

inverte- 

brates 

Total 

Jn- 

.sects 

Other 

inverte- 

brates 

Total 

In- 

sects 

Other 

inverte- 

brates 

Total 

No. 

examined 

(«) 

{(>) 

ic) 

(d) 

ie) 

(/) 

{d—d) 

{b~e) 

H) 

1 

Allotment fallow 

104 

19 

123 

48 

7 

55 

50 

12 

08 

2 

Grassy plot 


27 

123 

02 

0 

08 

4 

21 

25 

3 

Grassy plot 

03 

17 

80 

52 

11 

03 

11 

0 

17 


Dimension of soil sample x4 x9 in. 


Table ir 

Accuracy of determination on duylkale samples 

Numbers of soil luiirnals 

\ 

Ist half soil sample 2nd half soil sample 
(«) {f>) 


Series 

No. 

Type of soil 
examined 

liusects 

Other 
inverte 
brates Total 

Insects 

Other 

inverte- 

brates 

Total 

Ratio of 

(fl) {hi 

1 

Allotment (grass 2 years) 

111 

29 

140 

120 

31 

151 

48-1 

: 51-9 

2 

Allotment fallow 

40 

13 

53 

43 

12 

55 

49-1 

; 50-9 


Dimension of soil sample =*3 x 1 x9 in. 


Since October 1936 the machine has been used by Mr K. D. Baweja 
and before adopting it for routine work he submitted it to some tests 
which are summarized below. Table I shows the importance of the air 
bubbles in separating the fauna from the soil particles. In three trials 
with bubbles, 123, 123 and 80 individuals w’^ere found; without bubbles, 
56, 98 and 63. Table II shows the accuracy of the determinations on 
duplicate samples. Each soil sample was thoroughly mixed and divided 
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into two portions which were treated separately in the machine. The 
agreement between the two halves is remarkable. In one, 48-1 per cent 
of the fauna was found in one half and 51*9 per cent in the other; in 
the second sample, 49-1 per cent was found in one half and 50-9 per cent 
in the other. Table III shows the total animal population as determined 
by various methods on different types of soil. The figures are not fully 
comparable but they do show that by the use of the new apparatus very 
high figures are obtained. Table IV details the insect populations found 
by the present method, in comparison with Morris’s figures obtained 
with Rothamsted soils. Morris found 7*73 million insects per acre on 
the dunged plots on Broadbalk. Mr Baweja’s two observations are 
85*7 million on a warm moist day in February and 32*9 million on a day 
in the same month when the soil was frozen hard. These observations 
on Broadbalk will be continued throughout the year in order to obtain 
a fuller and more accurate comparison. The average of ten observations 
(from October to February) on the fallow allotments gives a figure of 
47*9 million insects and on the plots that had been grass covered for 
2 years 95*() million insects per acre. 

These figures are sufficiemt to indicate the high efficiency of the 
apparatus described in this paper. 

IV. Summary 

1. The published methods for the separation of insects and other 
animals from the soil are briefly described. 

2. None of these methods being sulficiently rapid or efiicient for 
soil fumigation investigations, a new method has been devised. 

3. The principle of the method is flotation by a dense liquid (a solu- 
tion of magnesium sulphate sp. gr. Ml) aided by stirring of the soil 
and a stream of fine air bubbles passing from the bottom upwards 
through the mixture of soil and solution. This produces a froth which 
contains all the animals, and by raising the level of the liquid in the 
cylinder the froth is swept over into a tank filled with magnesium sul- 
phate solution; here is deposited any soil that has been carried over. 
The clear solution is then passed on to a Buchner funnel where the insects 
and other animals are retained. A black filter paper is used in order to 
show up Collembola and other colourless organisms. 

4. The apparatus has many advantages: 

{a) Rapidity, The separation taking 30-40 min. from taking the soil 
sample of 6-7 lb, weight. 
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(6) Cleanliness. The operation can be carried out in an ordinary 
laboratory. 

(c) Efficiency. All the organisms are concentrated in a small volume 
of residue, less than 1 per cent of the original soil, and are undamaged. 

(d) Non4oxicity. The great majority of the insects come through 
alive, so that eggs and larvae may be bred out for purposes of identifi- 
cation. 

6. A full account is given of the technique employed. The solution 
may be used again and again as the clay settles very quickly and the 
clear liquid may be syphoned or poured ofi. 

6. Very high figures have been obtained for the soil population. 
These are much in excess of those recorded by most other workers with 
agricultural soils; for example, from fallow land 60*6 million animals 
per acre were recorded and from new grass land, 12 1*4 million per acre,^ 
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EXPLANATION OF PLATE XXXIX 

Fig. 1. General view of the apparatus, a, mixing cylinder; b, conical head; d, stirring 
mechanism; c, air pump; fj, manometer;/, electric motor; g, soil sedimentation tank; 
h, glass reservoir for solution; i, Buchner funnel;/, filter llask. 

Fig. 2. Improved cylinder with conical head. The watertight joint being made by two 
flanges with rubber washers in between. The central tube of the stirrer and air bubbler 
is seen above the rectangular opening of the head of the cylinder. 

Fig. 3. The stirrer and air bubbler. Showing the sieves and brass box with air tubes and 
stirring baffles. The two spanners are for use on the hexagonal nuts, one on the central 
tube and the other on the tube of the stirring mechanism. 
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Introduction 

In previous work reported in the first paper of this series (lO) an examina- 
tion was made of the chemical and insecticidal properties of two species 
of derris root at present in extensive use as insecticides, namely Derris 
elUptica and D, malaccensis. In this investigation, certain chemical 
factors were determined, and these in turn were then correlated with 
the insecticidal potencies of the roots to Aphis rumim. 
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Of the limited number of samples examined, those of Dctris ellipticd 
were found to have a higher proportion of rotenone to total ether extract 
than was the case with the specimens of D. malaccensisj and Georgi & 
Teik in Malaya, working with roots of similar origin and kind, have also 
referred to this fact ( 3 ). From the analysis of twelve samples of derris 
from the Dutch East Indies, Spoon ( 7 ) found that those of D. malaccensis 
gave high ether extract but low rotenone, while the D. elliptica roots, 
showing less ether extract, were relatively richer in rotenone. It does 
not, however, seem possible to distinguish with certainty between roots 
of D, malaccensis and D. elliptica^ by a consideration only of the relative 
proportions of rotenone to ether extract, since exceptional roots have 
been recorded. Thus Koolhaas (fi) reports that a sample of D, malaccensis 
was found to contain 4*3-4-G per cent of rotenone, amounting to 31-35 
per cent of the total ether extract of the root, figures that may be 
thought to be more indicative of 1), elliptica. More work is needed upon 
the relative proportions of rotenone to ether extract in authentic speci> 
mens of the two species before a general rule can be established. 

A variety of derris is now in use, which although toxic, yields no 
rotenone by the normal method of separation of the rotenone-carbon 
tetrachloride complex. To such a root the name ‘'Sumatra-type” has 
been given by Cahn & Boam(i) who show that rotenone is present in a 
“hidden” form, and may bo induced to separate by the addition of an 
excess of the pure compound. It is a matter of some importance to 
characterize this type of root with greater precision in order to determine 
whether it approximates in chemical and physical properties to the more 
commonly known varieties of 1), elliptica or D. malaccensis^ or whether 
it is likely to prove to be a new species. In addition it is desirable that 
a suitable method of chemical evaluation, applicable to all types of 
derris, should be available in order to ascertain the degree of variation 
in the insecticidal efficiency of these roots due to cultivation or to 
varying climatic conditions. 

We have shown {loc. cit.)j in comparisons of I), elliptic^ with D. malac- 
censis, that neither the rotenone nor the ether extract could be relied 
upon to give a correct measure of the relative insecticidal activities of 
the roots, but that the determination of the mixed dehydro compounds, 
or of rotenone plus the dehydro compounds determined on the residual 
rotenonc-free resins, gave a better assessment. In the present work we 
have compared, both chemically and biologically, a ‘‘Sumatra-type 
root with samples of D, elliptica and D. malaccensis in order to ascertain 
to what extent the determination of the dehydro compounds, or of other 
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chemical factors, will correctly evaluate the toxicity of the ‘‘Sumatra- 
type^' root relative to the other two species examined. 

Experimental 

The “Sumatra-type" root (our No. W 170) was one kindly sent to 
us by the Cooper Technical Bureau, while the samples of Z>. elliptica and 
D. malaccensis used were two samples remaining from the tests carried 
out during the previous year, and reported upon in the first part of the 
present series. They were D. elliptica var. Sarawak creeping (our No. 
W 149) and D. mahcxiensis var. Sarawak erect (our No. W 161). The 
samples were all in the finely ground condition. The “Sumatra-type" 
root showed a crude rotenone content, determined by the “hidden" 
rotenone technique of Calm & Boam (foe. cit.) of 1*95 per cent, this 
figure being reduced to 0-54 per cent of purified rotenone on trituration 
of the complex with alcohol saturated with rotenone. The D» elliptica 

Table I 


The rotenone contents of Sumatra-type"' root ( W 170), 
D. malaccensis (W 151) and D. elliptica (W 149) 


Sample 

Date of 


% of fresh root 

— A 

f > 

Rotenone Rotenone 

analysis 


(crude) 

(purified) 

Sumatra-type” 

W170 

Oct. 1936 

Ether, OCI4, Cahn & Boam’s 
“hidden” rotenone 

201 

— 


Feb. 1936 

Ether, CCI4, Cahn & Boam’s 
“hidden” rotenone, recrystalli- 
zation from CCI4 

2'07 

0-47 


Mar. 1936 

Ether, CGI4, Cahn & Boam’s 
“hidden” rotenone, Cahn & 
Boam’s trituration 

1-95 

0-54 

Z>. malacceims 
Sarawak erect 

Apr. 1933 

Ether, CCI4, recrystallization from 
alcohol 

2*54 

L83 

W161 

Oct. 1935 

Ether, CCI4, Cahn & Boam’s 
“hidden” rotenone, recrystalli- 
zation from alcohol 

2-70 

1*81 


Feb. 1936 

Ether, CCL, recrystallization from 
CCI4 

313 

1-87 


Mar. 1936 

Ether, CCI4, Cahn & Boam’s 
trituration 

2*84 

1-93 

D, elliptica 

Sarawak creeping 

Apr. 1933 

Ether, CCI4, recrystallization from 
alcohol 

508 

3-83 

(W 149) 

Oct. 1935 

Ether, CCI4, Cahn & Boam’s 
“hidden” rotenone, recrystalli- 
zation from alcohol 

6-07 

4*05 


Feb. 1936 

Ether, CCI4, recrystallization from 
CCI4 

5-26 

4*07 


1 recrystallization of the complex, allowance was made in each case for the 

solubility of rotenone m the solvent used. 
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gave figures of 5*08 per cent of crude, and 3*83 per cent of recrystallized 
rotenone, while the Z). mahccensis figures were 2-54 and 1*83 per cent 
(Table I). It is of interest to note that there was no significant falling 
off in the rotenone contents of samples W 149 and W 151 on keeping 
the finely ground powders from April 1933 until March 1936 in tins at 
room temperatures in the region of 20° C. (see Table I). 


Insecticide tests 

Biological trials using the three samples were carried out during the 
summer of 1935. Trouble was experienced in the early part of the summer 
by the incidence of disease in the stock of insects. Later, however, this 
was satisfactorily eliminated, but the number of biological trials it was 
possible to carry out was considerably reduced. The “Sumatra-type” 
root was compared alternately with the D. ellipiica root W 149 and 
with the I), rnalaccemis root W 151. A weighed portion of each root 
was extracted with ether, the dried resin dissolved in alcohol, and a 
series of dilutions with ()‘5 per cent saponin solution prepared. The 
alcohol content of each solution tested was adjusted to 5 per cent by 
volume, and the apparatus used was that previously described ( 9 ). Adult 
apterous females of Aj)his rumicis were used as test subjects, and com- 
parisons only made between tests carried out on the same day. As in 
the previous work (loc. ci/.), we have taken the percentages of badly 
affected, moribund and dead insects (B, M, and D per cent) observed 
on the second day’s examination as indicating the toxic effects. The 
concentrations employed, expressed as mg. of root per litre, with the 
observed mortalities, are given in Table II and are plotted against the 
probit values in Figs. 1 and 2. The comparison of the “ Sumatra- type ” 
root with /). ellipticn W 149 was made on 31 July, and the comparison 
with the D, malnmnisis W 151 root on 12 August 1935. In the com- 
parison of the “Sumatra-type/’ root with \V 149, the former gave 50 per 
cent of badly paralysed and dead insects at a concentration equivalent 
to 685 mg., and the 1). elliptica W 149 at a concentration equivalent to 
238 mg. root per litre of spray fluid. In the later comparison of the 
“Sumatra-type” root with D, mahccensis, the concentrations giving 
50 per cent “mortality” were equivalent to 7G3 and 338 mg. of root per 
litre respectively. The test insects used thus show a greater resistance 
in the later than in the earlier trials. In Table II, columns 2 -8, are given 
the concentrations tested expressed in terms of various chemical deter- 
minations, to which detailed reference vrill be made later (pp. 886-893). 



Table II 

Comparison of the toxioUi^ of the “ SunuUra-type” root W 170, wUh D. elliptica W 149 and D. malaccensis W 161. InseU used 
Aphis rumicis. fivefold replication, ten insects at a time. Results 2 days after spraying 
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Comparison of toxicities of “Sumatra-type” root W 170 and D, elliptica W 149 
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Log concentratioiiB (mg. per litre) 

Fig. 1. Log concentrations in terms of different chemical values plotted against probits of 
badly paralysed insects (B, M and D per cent). 0 “Sumatra-type” root W 170 
X J). elliptica W 149 
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badly paralysed insects (B, M and D per cent). O “Sumatra-type root W 1 0, 
A D. maiaecensis W 151. 
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* Chemical examination op the roots 

Rotenone, In the. determinations of the rotenone content of the 
“ Sumatra-type root the hidden’' rotenone method outlined by Cahn 
& Boam (lac. cit.) has been used, following failure to induce crystallization 
on dissolving in carbon tetrachloride the resin extracted from the root 
by ether. In the trituration of the product it was found preferable to 
filter at 0°C., using alcohol saturated with rotenone at this temperature. 
The purification of the complex resulted in a much reduced figure, the 
crude product appearing to be contaminated by resin. Reference to 
Table II and Figs. 1 and 2 sliows that the estimation of purified rotenone 
does not give a correct assessment of the relative insecticidal efficiencies. 

Ether extract. The determination of the ether extract was made by 
extracting 5 g. of root with anhydrous ether, the resin being dried to 
constant weight in an electric oven kept at 100° C. On the resin so 
obtained, the percentage of methoxyl content was determined by the 
method of Clark (2), and from it that of the root calculated. The ether 
extract or methoxyl figures (Table III) clearly do not assess the activities 
of the roots. 

Table III 

Analytical data for '' Swmtra-type'' root W 170, 

D. malaccciisis W 151 and D. elliptica W 149 

% of fresh root 



“Sumatra- 

tyjie” 

D. inalaccensia 

i>. elliptica 


W170 

W151 

W149 

Moisture 

6-70 

6-48 

6-42 

Rotenone (crude) 

1-95 

2-54 

6-08 

Rotenone (purified) 

0-54 

1-83 

3-83 

Ether extract 

18-33 

18-56 

17-60 

Methoxyl (on ether extract) 

2-48 

2-64 

2-60 

Benzene extract 

19-02 

19-42 

17-94 

Methoxyl (on benzene extract) 

2-51 

2-70 

2-61 

Total dehydro compounds 

8-16 

7-90 

10-76 


Dehydro compounds. The dehydro compounds were determined on 
the resin extracted by ether from 25 g. of the “Sumatra-type” root by 
the modification of the method of Takei et al. (8) given in paragraph 2 
on p. 587 of our previous communication {he. cit.). The mixed dehydro 
product was equivalent to 8-] 6 per cent of the root, and melted at 201 “C. 
This is of the same order as the yield of the mixed dehydro compounds 
obtained by the same method from the resin of D. malaccensis W 151 
(7-90 per cent). From biological trials, however, the D. malaccensis was 
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seen to be approximately twice as toxic as the ‘‘Sumatra-type” root. 
Thus it is evident that in the comparison of these two roots the deter- 
mination of the dehydro compounds is inadequate as a means of ob- 
taining the relative activities, the “Sumatra-type” being overvalued by 
this means with respect to the /). malaccensis. The results of the analyses 
are given in Table III. 

Treatment of the resins with dilute alkali, and the determination 
of dehydro compounds on the resulting fractions 

It was decided at this stage to carry out a fractionation of the resins 
by means of dilute alkali, in order to determine to what extent the 
presence of toxicarol in the resin influenced the ftgure for the mixed 
dehydro compounds obtained. The use of dilute aqueous alkali in re- 
moving the toxicarol fraction of the resin has been suggested by Haller 
& La Forge ( 4 ) and utilized by Jones et al. ( 5 ) in their work on the chemical 
evaluation of derris. In the first fractionations carried out, portions of 
50 g. each of the “Sumatra-type”, D. malaccensis and D. elliptica roots 
were extracted with ether, and with the latter two the ether was re- 
moved and the residue taken up with carbon tetrachloride as in the 
normal rotenone determination. The rotenone separating was filtered, 
and recrystallized from alcohol, the alcoholic mother liquors being re- 
tained. From the carbon tetrachloride solutions the solvent was removed 
as completely as possible in vacuo, and the residues dissolved in ether. 
The ether solutions of the resins from each root were extracted three 
times in a separating funnel with 50 c.c. of 5 per cent aqueous potash 
solution. The alkaline extracts were combined, washed with ether, the 
ether layers separated and added to the main ether solution. After 
washing wfith water, the ether was distilled and the resins dissolved in 
absolute alcohol, the alcoholic filtrates from the earlier rotenone re- 
crystallizations being incorporated at this point. The yields of dehydro 
compounds from the ether-soluble resins were then determined. 

In the case of the “Sumatra-type'’ root, the alkali treatment of the 
ether solution of the resin resulted in the production of a copious yellow 
precipitate, and this also appeared in the alkaline extract of the D. malnc- 
censis resin. The extract of the D. elliptica resin, however, showed no 
precipitate, the alkaline layer appearing brown-red in colour. The pre- 
cipitates were filtered, washed, and taken up in ether after treatment 
with dilute hydrochloric acid. The clear brown solutions after removal 
of the yellow precipitates and the alkali extract of the D. elliptica resin 
were also acidified, and the freed resins taken up in ether. The solvent 
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was removed in each case and the residue, after solution in alcohol, 
subjected to the dehydro process as outlined. The determinations on the 
potash-soluble fractions were unsatisfactory, mixed resinous products 
resulting. The yields of the dehydro compounds from the ether-soluble 
resins and from the resins recovered from the yellow precipitates, ex- 
pressed as percentages of the fresh root, are given in Table IV. In 
addition, the percentage recoveries of dehydro compounds from the 
weights of resins actually submitted to the dehydro process are given 
in brackets. 

Table IV 


Dehydro compounds determined on fractions of resins 
following alkali treatment in ether solution 


“Sumatra- 




typi‘” 

D. malaccenms 

D. elliptica 

W17() 

W161 

W149 

% of 

%of 

0/ of 

%of 

%of %of 

root 

resin 

root 

resin 

root rosin 

Dehydro compounds on total ether 8 16 

(44-r>) 

7-90 

{42-6) 

10*75 (61*4) 

extract 



Recrystallized rotenone removed — 

— 

1-64 

— 

4*36 — 

Dehydro compounds on resin soluble J-oG 
in ether after potash extraction 

(43-3) 

501 

(540)) 

612 (58*6) 

Dehydro compounds on resin from 3-58 
yellow precipitate extracted by potash 

(33-2) 

1-73 

(484)) 

— — 


In the case of the ^‘Sumatra-type*’ root, the yield of the dehydro 
compounds determined on the resin soluble in ether after the potash 
treatment, amounted to 1*56 per cent of the root, and presumably re- 
sulted from the rotenone and deguelin present. By reference to the 
methoxyl figures given in Table V, the resin soluble in ether after potash 
treatment in the case of the “ Sumatra-type ” root was less rich in “toxic ” 
material than were the corresponding resins from the other two roots, 
but even so the recovery of dehydro compounds from it (43 per cent) 
was unduly low. 

With the Z). malaccensis and the D. eUiptwaj the combined figures 
for the separated rotenone and the dehydro compounds determined on 
the ether-soluble resins after the removal of toxicarol, amounted to 6*66 
and 10-48 per cent of the roots respectively. The method of determination 
of the dehydro derivatives of the active principles is not a quantitative 
one, particularly so in the case of the “toxicarol’’ resin, where a yield of 
somewhat less than 50 per cent is obtained. In addition, the unsuitability 
of the method as a means of assessing the activity of the “ Sumatra-type 
root vis^a-vis D. malaccensis and D, elliptica is clearly demonstrated by 
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Figs. 1 and 2 (sections 2 and 3). In section 2 of each figure, the equivalent 
log concentrations of the dehydro compounds determined on the total 
ether extracts are plotted against the probits of the badly paralysed 
insects. In each case, the lines for the D. malacceMsis and D. ellipHca 
roots lie to the left of that for the ‘‘Sumatra-type” root, indicating that 
the latter, relative to the other two, is less toxic than its clehydro figure 
of 8*16 per cent would lead us to expect, if we assume the dehydro figures 
provide a correct measure of activity. In this case, the dehydro figure 
clearly overestimates the activity of the “Sumatra-type” root. When, 
however, we take the values obtained for the separated rotenone plus 
the dehydro compounds determined on the residual toxicarol-free resins, 
there is a reversal in the positions of the lines, and now the activity of 
the “Sumatra- type” root is undervalued relative to the other two roots. 

Fractionation of the resins in ether solution 

This was carried out using as before 5 per cent aqueous potash solu- 
tion, the amounts of “toxic" constituents in each fraction being assessed 
by means of methoxyl determinations carried out upon the products 
isolated. With each of the three types of root under consideration, two 
portions of 5 g. were extracted with anhydrous ether, the solvent re- 
moved from one of the duplicate tests, the resin dried to constant weight 
at 100° C., and the methoxyl content determined. The second ether 
solution (50 c.c.) in eacdi case w^as extracted successively with 10, 5 and 
5 c.c. of 5 per cent aqueous potash, the alkaline extract being washed 
as before with ether. The resins from the precipitates and alkali-soluble 
fractions were recovered by acidification with dilute hydrochloric acid 
and solution in ether. The ether solutions were washed, dried with 
anhydrous sodium sulphate, the solvent removed, and the resijis dried 
at 100° C. until of constant weight (Table \'). Methoxyl determinations 
were then made upon the fractions obtained, special care being taken 
to ensure that all traces of ether had been removed; small amounts of 
ether were found to be tenaciously retained, it being necessary to heat 
the resins in tnicuo in order to remove final traces of solvent. From the 
methoxyl values of the fractions, the contents of active principles of 
each, based in the case of the ether-soluble resins upon the methoxyl 
content of rotenone and deguelin of 15*74 per cent, and in the case of 
the alkali-extracted resins upon the methoxyl content of toxicarol of 
15*12 per cent, were determined. The figures for the “toxic” constituents 
of each fraction, expressed as percentages of the fresh root, are given 
in Table VI. 
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Table V 


Fractionation of the resins, in ether solution, 
by Tmans of potash solution 



“ Sumatra-type” 

2). malaccensis 

D. elliptica 


W170 

W161 

W149 

Total ether extract 

18-33 (13-63) 

18-56 (14-13) 

17-60 (14-87) 

Resin soluble in ether after 

3-93 (12-41) 

8-96 (14-48) 

14-94 (16-70) 

potash extraction 

Resin extracted and precipi- 

6-27 (15-40) 

4-16 (14-91) 



tated by potash 

Resin extracted and soluble 

7-19 (11-83) 

4-60 (10-92) 

2-30 (6-94) 


in potash 

Figures expressed as peroentagea of fresh root. Percentage of methoxyl in each 
fraction given in brackets. 

Table VI 


''Toxic' constituents in each fraction based upon 
the methoxyl conteyits 


“Rotenone plus deguelin” (soluble 

“Sumatra- 

type” 

W170 

3-10 

/). malaccensis 
W 161 

8-23 

i). elliptica 
WHO 

14-90 

in ether after potash extraction*) 
“Toxicarol” equivalent (extracted 

6-27 

4-10 



and precipitated by potashf) 
“Toxicarol” equivalent (extracted 

5-63 

3-25 

1-06 

and soluble in potashf) 

Total “toxic” constituents 

15-00 

16-68 

16-96 


Figures expressed as percentages of fresh root. 

* Based on methoxyl content of rotenone and deguelin of 15-74 per cent, 
t Based on methoxyl content of toxicarol of 16*12 per cent. 


With the ‘‘Sumatra-type” and J5. malaccensis roots 95 per cent, and 
with the D. elliptica 98-5 per cent of the total ether extract were recovered 
in the fractions separated. The combined “toxic” constituents for each 
root based upon the methoxyl contents of the resins separated were of 
the order of 82-90 per cent of the total ether extract figures. 

We again see from the probit-concentration curves (Figs. 1 and 2) 
both for the ether-soluble resins after potash treatment (section 4), and 
also for the calculated “rotenone plus deguelin” contents of these frac- 
tions (section 5), that the “Sumatra-type” root is undervalued with 
respect to the other types. It would appear that the material extracted 
by alkali, or a related compound, is playing sonie part in the insecticidal 
action of the root. 

The effect of the substitution of saturated baryta solution for the 
potash upon the amounts of resin remaining in solution in the ether was 
determined. The ether extract from 5 g. of each root was extracted three 
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times successively with 10 c.c. of baryta, the ether layers dried as before, 
and the amounts of resin in solution determined. The figures for the 
ether-soluble resin for the “Sumatra-type” root, D, mahccensis and 
D. elliptica (3-76, 9*12 and 14*80 per cent of the fresh roots respectively) 
were in close concordance with the amounts of resin remaining in the 
ether after the use of potash. 

The fractionation of the resins with 5 per cent aqueous potash was 
repeated, using in this case benzene as solvent. Duplicate portions of 
5 g. of each root were extracted with benzene, one test being used in 
each case for the determination of the percentage of extract. Fractiona- 
tion of the second solution was carried out, using successively 10, 5 
and 5 c.c. of aqueous potash solution. In no case was a precipitate 
formed, the alkali extracts appearing as brown solutions. The total 
alkaline extracts of each root were washed with benzene, which was 
added to the main benzene solution. The benzene extracts were dried, 
and the amounts of resin in solution determined. It was found that, 
after ac‘idi(ication and solution in ether, only a relatively small per- 
centage of tie resin was extracted by the potash from the benzene 
extracts of the three types of root treated. The results are given in 
Table VII. 

Table VII 

Fractionation of the resins y in benzene solution y 
by tnmns of potash solution 
“ Sumatra - 

tvjK‘” D. rmkicceiisis J). elliptica 
W 17U W lal W 149 

Total benzene extract 19*02 (13*22) 19-42 (13-92) 17-94 (14-57) 

Rertin soluble in benzene after potash 14-54 (14-23) 15-34 (14-58) 15*42 (15-61) 

extraction 

Resin extracted ami soluble in potash 3*02 2-87 1*84 

Figures cxju'cssed as percentages of fresh root. 

Methoxyl content as jHjrcentago ol each fraction given in brac-kets. 

Further fractionation of the resins that had remained soluble in the 
benzene on extraction with potash was then carried out by dissolving 
them in 50 c.c. of ether and extracting successively with 10, 5 and 5 c.c. 
of saturated baryta solution. By this procedure the yellow precipitates, 
separating before in the case of the “Sumatra” and Z). mnlaccensis roots 
on extracting with potash or baryta from ether solutions, were again 
obtained, with a corresponding reduction in the amounts of resin re- 
maining in solution in the ether layers. The resins extracted by the alkali 
were, as before, recovered by solution in ether after acidification with 
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dilute acid. The results are given in Table VIII. Methoxyl determina- 
tions on the fractions separated, where carried out, are given in brackets. 

Table VIII 

Fractionation of the resins soluble in benzene after potash extraction 
by means of baryta, using ether as solvent 



“Sumatra- 

type” 

D, malaccenais 

D. elliptica 


W 170 

W161 

W149 

Resin soluble in benzene after potash 

14-64 (14-23) 

16-34 (14-58) 

16-42 (16-61) 

extraction 

Resin soluble in ether after baryta 

3-55 (12-48) 

7-32 (14-84) 

13-34 (16-60) 

extraction 

Resin extracted and precipitated by 
baryta 

Resin extracted and soluble in baryta 

9-51 (14-83) 

6-27 (14-66) 

0-76 

0-57 

0-38 

0-41 


Figures expressed as iierceiitages of fresh root. 

Methoxyl content as percentage of each fraction given in brackets. 


The potash treatment of the benzene solutions of the resins has 
effected a partial purification, as judged by the methoxyl values, although 
some loss of methoxyl has occurred as well. The amounts of ‘‘toxic*’ 
resin, calculated from a methoxyl content of rotenone and deguelin of 
15*74 per cent, remaining soluble in the ether after the two alkaline 
treatments, although slightly lower, are of the same order as the amounts 
given in Table VI. When the results given in Table VIII are compared 
with those in Table V it is seen that the baryta extraction has pre- 
cipitated a larger proportion of the material extracted by alkali than 
has potash. In no case did the baryta-soluble material exceed 1 per cent 
of the root. The outstanding efiect obtained in these tests was the 
inability of the potash to effect the separation of the potassium salt of 
toxicarol or of its precursor, from a benzene solution of the “Sumatra” 
or D, malaccensis resins. 

Fractionation of the resins using 'petroleum eiher as precipit-ant 

It is known that rotenone, deguelin and toxicarol are almost insoluble 
in petroleum ether. This fact was utilized in an attempt to purify the 
resins by precipitation of the toxic constituents from concentrated ether 
solution by means of petroleum ether. Our experience, based upon a 
number of trials, was that this procedure did not effect a sufficiently 
quantitative separation of the active principles to justify its use for 
purposes of evaluation. 
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Preparation of ^'deguelin concentrates'' after 
petroleum ether extraction of the roots 

Haller & La Forge [he, cit.) have shown that although the solubility 
of the toxic constituents of derris in petroleum ether is low, prolonged 
extraction will separate a resin containing a high proportion of the active 
principles, contaminated with extraneous material relatively small in 
amount by comparison with extracts using other solvents. They state 
that such an extract is particularly suitable for the examination of the 
non-crystallizable constituents. We have used prolonged extraction with 
petroleum ether in a Soxhlet apparatus in a further endeavour to prepare, 
as quantitatively as possible, “deguelin concentrates” from the three 
types of root under investigation. 

Portions of 20 g. of the “Sumatra”, D. malaccensis and 7). elliptica 
roots were extracted with petroleum ether, with rapid refluxing, for 
55 hours, the root material being taken out and mixed at frequent 
intervals to ensure penetration of the solvent. The petroleum ether was 
removed, the extracts dissolved in a little ether, the solutions seeded, 
and placed in an ice-chest for 2 days. Some crystals separated, par- 
ticularly in the 1). elliptica extract and these were removed. The ether 
solutions were then extracted with dilute potash, washed with water, 
dried over sodium sulphate and after concentration to a small bulk, 
again placed in the ice-chest for 5 days. A further amount of rotenone 
was deposited from the I), malaccensis extract,. The weights of the resins 
remaining in solution in the ether were then determined (Table IX). 


Table IX 


Preparation of '"dcguelin concentrates" following 
petroleum ether extraction of the roots 


Kotenone »©i)arating from ether 
Bolution 

Resin (“deguelin coneentrate”) 
remaining in ether solution 


% of fresh root 



r > 

“Sumatra- 

tyi)c” />. tnatuccenais D. dli plica 
W 170 W 151 W 149 

045 1-62 1-88 

2-65 619 8-97 


The combined figures for the separated rotenone and resin remaining 
in solution in the ether were 3’ 10, 7‘81 and 10*85 per cent of the roots 
examined. The activity of the “Sumatra-type root is again somewhat 
undervalued by the figure of 3*10 per cent, both with respect to the 
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D, rmlaccensis (7'81 per cent), and to the D. elliptica (10*86 per cent) 
(see Table II and Figs. 1 and 2, section 6). 

Nature of the resin recovered from the material precipitated by 

POTASH FROM AN ETHER EXTRACT OP THE “SUMATRA-TYPE** ROOT 

On acidification of the yellow precipitate and extraction with ether 
a yellow resin resulted, which has not so far been induced to crystallize^. 
The resin had a methoxyl content in close agreement with the theoretical 
value for inactive toxicarol (15*12 per cent), and was optically active, 
a solution in benzene showing a laevo-rotation. On addition of potash 
in methyl alcohol to such a solution, an immediate change to a dextro- 
rotation, followed by a decline in rotation, took place, and this reaction 
has been found to be characteristic of the Sumatra-type’’ and Z). malac- 
censis resins. It will be discussed in more detail in Part III of the present 
series (11). When the resin was dissolved in alcohol and refluxed with 
addition of potash, yellow crystals soon separated, and these, on re- 
crystallization from acetic acid, melted at 224^0. Inactive toxicarol, 
obtained from ‘‘Sumatra-type” resin by the method of Cahn & Boam 
{loc, ciL) melted at 221^0. The insecticidal activity of the resin has not 
yet been determined, but further investigation of this interesting de- 
rivative is called for, as it appears to be rich in a precursor of the inactive 
toxicarol. 

The EFFECT OF THE REMOVAL OF TOXICAROL UPON THE SEPARATION OP 
ROTENONE FROM CARBON TETRACHLORIDE SOLUTIONS OF 

“Sumatra-type” and D, malaccensis resins 

We have found, with a “Sumatra-type” root from which no rotenone 
separates by the normal procedure, that after the removal of the pre- 
ponderating toxicarol by alkali treatment of the ether extract, the 
naturally occurring rotenone separates readily on taking up the residual 
resin in carbon tetrachloride. The product furthermore appears to be 
but little contaminated by resin. As opposed to this, quite considerable 
loss in apparent rotenone takes place on purification of the complex 
obtained by the Cahn & Boam “hidden” rotenone technique. 

Duplicate portions of 4 g. each of the resin extracted by ether from 
the “ Sumatra-type ” root W 170, were taken. To one was added 10 c.c. of 
carbon tetrachloride, the resin dissolved, the solution cooled, seeded and 
kept in the ice-chest for 2 days. No crystals separated. One gram of 
pure rotenone was added and the determination of the “ hidden ” rotenone 

^ An optically active crystalline compound possessing insecticidal properties was isolated 
from the resin shortly after this paper was sent to press. 
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carried out by the method of Cahn & Boam {he. dt.). The carbon tetra- 
chloride mother liquor, on cooling and standing, deposited a further small 
amount of complex, and this was added to the main bulk of crystals. 
The crude complex, giving a figure of 1*95 per cent of ‘‘hidden” rotenone 
in the root, was purified by trituration, the purified rotenone being 
0*54 per cent of the root. The second portion of resin, in 50 c.c. of ether 
solution, was extracted three times with 20 c.c. of 5 per cent potash, 
the alkaline extracts washed with ether, the combined ether solutions 
washed with water, dried over anhydrous sodium sulphate, the ether 
removed, and the residual resin taken up in 10 c.c. of warm carbon 
tetrachloride. After standing overnight, the first crystals were filtered, 
the mother liquor concentrated, and the final yield of complex obtained. 
The rotenone content calculated from the complex so obtained, was 
0-47 per cent of the root. On purification by trituration this figure fell 
to 0‘40 per cent. In the case of the complex separated by the “hidden” 
rotenone method, the product was dirty yellow in appearance, while the 
crystals separating after alkaline treatment wore almost colourless. 

The tests were repeated using a second ‘\Sumatra-type” root (our 
No. W 180). The Cahn & Boam method was carried out as before on 
4 g. of resin, while for the alkali treatment, followed by separation of 
the complex, the resin extracted by ether from 50 g. of root was used. 
In this instance, the complex w^as purified by recrystallization from 
alcohol, a correction being made for the rotenone retained by the solvent. 

In previous rotenone determinations on the D. ymlmcensifi W 151 
root the crude complex had been highly coloured, and had shown a 
considerable loss in apparent rotenone on purification. The effect of 
alkali pretreatraent of the resin of this root was therefore determined. 
In this case, the use of the “hidden” rotenone technique was not 
necessary, the complex, equivalent to 2-84 per cent of “crude” rotenone, 
separating overnight. On purification by alcoholic trituration the product 
lost much of its yellow colour, and a purified rotenone figure of 1*93 per 
cent of the root resulted. The “crude” rotenone determined on the 
duplicate portion of resin from which the toxicarol had been removed 
by extraction with alkali, was 1-96 per cent, the product being colourless. 
On purification by trituration, this figure was reduced to 1-70 per cent of 
rotenone in the root. The results are tabulated in Table X. 

In the case of the “Sumatra-type” roots either the presence of large 
amounts of resinous material rich in toxicarol prevents the separation 
from carbon tetrachloride solution of the rotenone present, or potash 
treatment removes some other inhibitor of crystallization. The complex. 
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which subsequently separates readily, is then obtained in an amount 
agreeing relatively closely with the figure obtained for the purified 
product by the normal method. 

Table X 

Separation of rotenone from carbon tetrachloride solutions of the resins 
with and without removal of toxicarol 

% of fresh root 


“Sumatra-type** W 170: 

Crude 

rotenone 

/o 

Purified 

rotenone 

^ ^ X 

M.P. 

% (^C.) 

Ether, carbon tetrachloride, Cahn & Boam’s “hidden** 

1*96 

0-54 (161) 

rotenone method 

Ether solution extracted with potash, carbon tetra- 

0-47 

0-40 (168) 

chloride 

“ Sumatra-type ’* W 180 ; 

Ether, carbon tetrachloride, Cahn & Boam*a “hidden” 

215 

0-67 (161‘6) 

rotenone method 

Ether solution extracted with potash, carbon tetra- 

0*89 

0-66 (169) 

chloride 

D. malacceTisis W 151 : 

Ether, carbon tetrachloride 

2-84 

1-93 (168'5) 

Ether solution extracted with potash, carbon tetra- 

1-96 

1-70 (169) 


chloride 

More work is needed upon the suitability of alkali as a means of 
reducing the concentration of the inhibitor of rotenonc crystallization. 
There is the possibility of the alkali causing a loss, by degradation, of 
the rotenone present, while oxidation products may be formed during 
the process of extraction. In this connexion, we have observed small, 
though varying amounts of a pale yellow material, melting in the region 
of 208° C., separating from the ether layer. It may well be, however, 
that such a pretreatment, suitably controlled, could form the basis of 
a standard method of rotenone determination applicable to the main 
types of derris root. 

Discussion 

The work described was carried out in an endeavour to characterize 
more definitely on a chemical basis, the ‘‘Sumatra-type’*, D. malaccensis 
and D, elliptica roots, with a view to their evaluation by chemical means. 
The “ Sumatra-type” root examined contained small amounts of rotenone 
and deguelin, while some 70 per cent of its resin was removed from an 
ether solution by treatment with potash. From the fraction precipitated 
by the alkali an optically active resin, appearing rich in toxicarol, was 
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obtained. The root was characterized by the inability of the rotenone 
to separate directly from a carbon tetrachloride solution of its resin, 
and this inhibition appeared to be due to the preponderance of the 
material extractable by potash. 

The D. mahccenm, from its chemical properties, occupied a position 
intermediate between the “Sumatra-type” root and the D. elliptica, in 
that it contained greater amounts of both rotenone and deguelin, with 
a corresponding decrease in the content of alkali-extractable resin. With 
the D. mahccenm, this appeared to be insufficient in amount to inhibit 
the crystallization of the rotenone. The separation of rotenone is appa- 
rently dependent upon the relative proportion of rotenone to other resins 
in the carbon tetrachloride solution, and takes place when the proportion 
of rotenone to the inhibiting material is sufficiently high, a condition 
achieved either by the addition of the pure compound, as in Cahn’s 
method, or by the removal of the non-crystallizable resin by treatment 
with alkali. Further work is needed, however, on this question before 
the factors influencing the separation of the complex are fully understood. 

The D. elliptica differed markedly from both the “Sumatra-type” 
and D. mahccenm roots, in that very little material was extracted by 
potash from an ether solution of its resin, the extract showing no forma- 
tion of precipitate. The rotenone present separated readily, and showed 
little contamination by resm. The “Sumatra-type” root is thus much 
more closely akin to the D. mahccensis than it is to the D. elliptica root. 

Throughout the work, we have evidence that, although the insecticidal 
activity of the toxicarol as it occurs in the root is probably not com- 
parable with that of rotenone, the preponderating amount present plays 
a definite part in the final toxic value of the “Sumatra-type” root. In 
all methods of attempted evaluation after the removal of the toxicarol 
the activity of the “Sumatra-type” root was undervalued, relative to 
the other roots, by the estimates obtained of the residual combined 
rotenone and deguelin. This undervaluation of the “Sumatra-type” root 
was greater in the comparison with the D. elliptica than it was in the 
tests with the D. malacccnsis, a root of more similar type. 

The dehydro method as a means of assessing the toxicity of the 
“Sumatra-type” root is inadequate and it would appear that the evalua- 
tion of derris types will only be possible when more is known of the nature 
and activities of the precursors in the root of the various crystalline and 
relatively inactive derivatives that have been isolated. 



898 Prc^km of Evaluation of Rotenone~containing Plants 


Summary 

1. The determinations of purified rotenone, ether extract, dehydro 
compounds, ether-soluble resin after potash treatment, and of the 
rotenone plus “deguelin concentrates” are each shown to be inadequate 
as a means of assessing the relative insecticidal activities of the 
“Sumatra-type”, D. malaccensis, and D. eUiptica roots. 

2. The toxicarol present in the “Sumatra-type” derris appears to 
play a small but definite part in the insecticidal activity of the root. 

3. The resin recovered from the material precipitated by potash 
from an ethdr extract of the “Sumatra-type” root is optically active, 
and appears to be rich in the precursor of inactive toxicarol. 

4. Rotenone, if present, will separate readily from a carbon tetra- 
chloride solution of “Sumatra-type” resin from which the toxicarol has 
been removed. The possibility of a standard method of rotenone de- 
termination, dependent upon suitable pretreatment of the resins, is 
suggested. 

We wish to express our indebtedness to the Copper Technical Bureau 
for their kindness in supplying us with samples of the “Sumatra-type” 
root. We also wish to thank Dr S. Krishna of the Forestal Department 
of Northern India for valuable assistance. 


REFERENCES 

(1) Cahn, R. S. & Roam, J. J. (1935). J. Soc. chem. Ind., Lond., uv, 37 T. 

(2) Clark, E. P. (1932). J. Ass. off. agric. Chem., Wash., xv, 136. 

(3) Gboegi, C. D. V. & Teik, G. L. (1933). BuU. Dep. Agric. 8.S. and F.M.S. No. 12. 

(4) Haller, H. L. & La Forge, F. B. (1934). J. Amer. chem. Soc. LVI, 2416. 

(6) Jones, H. A. Campbell, F. L. & Sullivan, W. N. (1936). J. econ. ErU. xxvin, 
286. 

(6) Koolhaas, D. R. (1932). BvM. Jard. Bot. Buitera. xn, 663. 

(7) Spoon, W. (1931). Be.r. HandMus. koUm. Inst., Amst. No. 63. (Bev. apjA. Ent. 

(1933), XXI, Ser. A, p. 617.) 

(8) Takbi, S., Mivajima, S. & Ono, M. (1933). Ber. dtsch. chem. Qes. Lxvi, 1826. 

(9) Tatteespield, F. (1934). Ann. appl. Biol, xxi, 691. 

(10) Tattersheld, F. & Martin, J. T. (1936). Ibid, xxn, 678. 

(11) (1936). Ibid, xxm, 899. 


(Received 6 April 1936) 



[Fbom the annals op APPLIED BIOLOGY, Vol. XXIII, No. 4, 
pp. 899-916, Novembbii, 1936.] 

[All righti reserved,] printed in great Britain 


THE PROBLEM OF THE EVALUATION OF 
ROTENONE-CONTAINING PLANTS 

in, A STUDY OF THE OPTICAL ACTIVITIES OF THE 
RESINS OF D. ELLIPTIC A, D. MALACCEN8IS 
AND THE “SUMATRA-TYPE” ROOTS 

By F, TATTERSFIELD, D.Sc., F.I.C. 

AND J. T. martin, B.Sc., Ph.D., A.I.C. 

Department of Insecticides and Fungicides, Rothamsted 
Experimental Station, Harpenden, Herts 

(With 4 Text-figures) 

CONTENTS 


Introduction 899 

Experimental 900 

The optical rotations of benzene solutions of rotenone and three different 

types of resin 900 

Specific rotations in bt'nzeno of the ether extracts of the roots . . . 902 

The change of rotation on addmg caustic potash in methyl alcohol to 
benzene extracts of dorris root 904 

Conclusions 914 

Summary 916 

References 916 


Introduction 

One of the chief difficulties met with in attempting the assessment of 
the insecticidal value of the rotenone-containing plants, by either 
chemical or physical methods, lies in the great variety and complexity 
of t3rpe8 or strains. Not only is this true when different genera or species 
are considered, but also, within the same species marked contrasts have 
been noted. Henderson’s (3) investigations bear witness to the wide 
botanical variation in habit of growth and leaf form of the Derris species. 
The chemical complexity of the extracts derived from these plants is no 
less confusing, and specimens of any one of the Derris species are known 
to vary widely in their chemical characteristics. Parts 1(6) and 11(5) of 
this series of papers deal with the more chemical aspects of the problem. 
We propose in this section to present a study of the optical activities 
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of the extracts of three t 3 rpes of derris with the object of demonstrating 
as far as possible the extent and nature of this variation. Although 
only three samples are dealt with, it is hoped that the investigations 
described may prove a contribution to the differentiation of types or 
strains in this genus. 

The importance of the study of optical rotations for this purpose is 
emphasized by the fact that the precursors of some of the isolated 
crystalline derivatives, e.g. deguelin and toxicarol, probably exist in the 
resins in an optically active state although the isolated crystalline 
products are devoid of this property. The optical rotation of rotenone in 
solution in various solvents has been investigated by Jones & Smith (4). 
It is the only constituent of a toxic nature the rotation of which is 
accurately known, and unquestionably it plays an important role in 
determining the optical activity of resins in which it occurs. The use of 
a rotation method for purposes of discrimination, evaluation and stan- 
dardization is hardly warranted, without further information as to the 
parts played by other constituents of the derris resins. The ‘‘Sumatra- 
t 3 rpe’' root presents certain possibilities in an investigation of this type, 
as it has been shown by Cahn & Boam(i) to contain large amounts of 
toxicarol. On the other hand, it is indicated in Part II of this series of 
papers that D, elliptica may be practically free from this constituent. 
D. malacceMsis would seem to rank between these two in the chemical 
make-up of its resins. Inactive toxicarol is almost devoid of toxicity to 
insects and requires for its separation a treatment of the resin with alkali. 
A comparative study of the rotation of extracts of these three types of 
root and the changes induced by the addition of alkali, might make it 
possible to ascertain more exactly the relationship between them. 


Experimental 

The optical rotations of benzene solutions of rotenone 
and three different types of resin 

Experiments were carried out to select solvents for extracting the 
resins and determining the rotations. Ether has the advantage of 
low-temperature extraction, but is difficult to use in the polarimeter. 
Thus it becomes necessary to take off the ether which these resins retain 
with some tenacity, and it was found that heating rotenone or derris 
resins at 100°C. slightly lowered their specific rotations. The rotations 
were therefore determined directly on the benzene extracts. This solvent 
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has, moreover, the advantage of giving higher rotations for rotenone 
than many others, and with the resins, solutions of which are often so 
dark coloured as to transmit very little light, makes possible the use of 
low concentrations. The benzene extract of the finely powdered root was 
made up to a known volume at 20° C. and the solid residue determined 
in an aliquot part. Dilutions of known concentrations at 20° C. were 
then prepared. The rotations were determined at 20° C. in a polarimeter, 
reading in circular degrees, using a 10 cm. tube fitted with a water jacket 
for controlling the temperature. An electrically heated sodium lamp 
provided the illumination. In Table I are given the data obtained for 
the three types of derris root examined and for rotenone; they are 
plotted in Fig. 1. Results obtained by Jones & Smith (4) for rotenone in 
benzene solution are also plotted for comparison. The two sets of data 
are concordant, indicating that the rotenone used was of corresponding 
purity. Our sample was recrystallized several times from absolute alcohol 
and had a melting-point of 1 63-1 64° C. All the resins arc laevo-rotatory, 
and the rotations when plotted against the concentrations arc not strictly 
linear. The specific rotations similarly plotted fall approximately on 
parallel straight lines inclined to the axis of concentration (Fig. 1). 


Table I 


Rotations of benzene solutions of extracts of derris root 
of different types 


Cone, of 
resin in 

Name 

Sumatra type 17’ 802 

Benzene extract 14-244 

Extract = 17-802 % 8-545 

4-272 
2-136 

D. malaccmsis 19-058 

Benzene extract 15-246 

Extract = 19-058% 9-148 

4-674 
2-287 

/>. eUiptica 17-406 

Benzene extract 13-926 

Extract = 17-406 % 8-355 

4-177 
2-089 


( 1 ) 5-0 
1-0 

(2) 4-6730 
2-2656 
1-0635 


Cone. 


Specific 

as g, of 

Rotation 

rotation 

root/KX) c.c. 

ry20 

wfS 

100 

- 9’82 

- 55 

80 

- 8’3r> 

- 59 

48 

- 5-45 

- 64 

24 

- 2-90 

- 68 

12 

- 1-50 

- 70 

100 

-1417 

- 74 

80 

-11-88 

- 78 

48 

- 7-65 

- 84 

24 

- 4-04 

- 88 

12 

- 2-08 

- 91 

100 

- 14-61 

- 84 

80 

-12-14 

- 87 

48 

- 7-71 

- 92 

24 

- 4-01 

- 96 

12 

- 2-05 

- 98 



-11-21 

-224 



- 2-32 

-231-5 



-10’49 

-224-5 



- 6-20 

-229*5 



- 2-46 

-231*0 


Rotenone 
Benzene solution 
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The question arises whether the rotatory power can be correlated 
with the insecticidal activity. The order of toxicity of these three samples 
of root judged at the median lethal dose for Aphis rumicis is “Sumatra- 
type” 1<D, malaccensis 2-2 <D. elUptica 2-9. When the rotations of the 
resins for the three samples are placed in order of magnitude at some 
equivalent concentration of the roots, e.g. 100 per cent, the samples are 
placed in the same order as that given by our toxicity data (Part II, 


Concentrations resin gf/lOO c.c. 



Fig. 1. Rotations and specific rotations of the benzene solutions of rotenone, 
and the resins of three types of derris root. 

p. 884), assuming that the rotations are a measure of toxicity the order 
is I S<l-4: M <]*5 E (where 5= Sumatra-type, M=D, malaccensis and 
E—D. eUiptica). This quantitatively overvalues the “Sumatra-type” 
relatively to the other two. It should be noted, however, that the pro- 
portionality of the rotations changes with concentration. 

Specific rotations in benzene of the ether extracts of the roots 
Portions of 10 g. each of the “Sumatra-type”, D, malaccensis and 
2). elUptica roots were extracted with ether, the solvent removed and 
the resins dried as completely as possible in an oven at The resins, 
the weights of which varied between 1‘74 and 1-91 g. were dissolved in 
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benzene, and the volumes adjusted to 25c.c. at 20° C. The specific rotations 
of the “ Sumatra-type milaccensis and Z>. elliptica resins were - 57*8°, 

-86-6° and -95*3° respectively. These figures increased to 
-•90*8° and —100*7 on dilution of lOc.c. of each solution to 26c.c. 
with benzene, and redetermination of the rotations. 

Further portions of each root were extracted with ether, and the 
solutions (about 50 c.c. in bulk) extracted successively with 20, 20, 10 
and 10 c.c. of 6 per cent aqueous potash. The alkaline extracts were 
washed with ether, the ether solutions for each root combined, washed 
with water, dried over sodium sulphate, the solvent removed and the 
specific rotations of the ether-soluble resins determined in benzene solu- 
tion. The weights of resin for the “Sumatra-type”, 1). malacceMsis and 
D, elliptica roots were 0-4 10, 0-959 and 1-515 g., and the specific rotations 
determined at 20° C., were -72-0", and -94-5° respectively. 

The specific rotations, on dilution as before, were increased to -76-2°, 
-115*3° and 99*1°. 

In the extraction of the “Sumatra-type” and Z). mnhccensis roots, 
the yellow precipitates formed in tlie alkaline layers were filtered and 
washed with w^ater, and the resins, freed on acidification with dilute 
hydrochloric acid, taken up in ether. The ether solutions were washed 
free from acid, dried over sodium sulphate, and the solvent removed. 
The specific rotations of the resins were then determined in benzene 
solution. They were as follows: resin from the yellow precipitate from 
the “Sumatra-type”, root -62-7"' and for the resin from the D. mahe- 
censis precipitate -67-5°. Haller & La Forge (2) state that the preci- 
pitate formed on potash treatment of an ether solution of derris resin 
consists of the difficultly soluble pota.ssiiim salt of toxicarol. On recovery 
of the potassium-free material from this by acidification and extraction 
with ether, the product, which so far we have not succeeded in obtaining 
in the crystalline conditionL is shown to be optically active and laevo- 
rotatory in benzene. 

We have, in addition, separated toxicarol from a “Sumatra-type” 
root by the method of Cahn & Roam {he, cit,). The crystalline product 
melted at 221° and had a low solubility in ether and benzene. A 2 per 
cent solution in chloroform showed no optical rotation. 

We have not been able to trace any simple correlation of the insecti- 
cidal powers of these roots and the rotations of either the crude resins 
or their constituent fractions. Much more information is needed on the 
rotations of the fractions of the derris resins and their relative toxicities. 

' See, however, footnotes, pp. 894 and 915, 
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The change of rotation on adding caustic potash in methyl alcohol 
to benzene extracts of derris root 

Apart from rotenone, the several crystalline derivatives, e.g. deguelin 
and toxicarol isolated from derris root have been found optically inactive. 
There is some evidence to show that in the process of extraction these 
compounds have either been derived from some precursor or have under- 
gone a process of racemization during extraction. As alkali was employed 
during the process it seemed advisable to ascertain what effect it had 
upon the rotation of the resins derived from the samples of derris root 
of the three types under examination. The benzene extracts used for the 
determination of the rotations at different concentrations (Table I) were 
employed. Aliquot parts (5 and 10 c.c.) were taken at 20° C., and known 
amounts of normal caustic potash solution in methyl alcohol were added ; 
in addition, an equivalent volume of methyl alcohol was added to a 
further set in order to ascertain its effect, if any, upon the rotation. The 
higher concentrations of the resins became too dark under alkali treat- 
ment, and the investigations were therefore limited to the two lowest 
concentrations of the benzene extracts. The following distinguishing 


letters have been employed: 

Dilution Resin g./lOO o.o. 

“Sumatra-type” S.C. 4*272 

S.D. 2136 

D, Tnatacceims M.C. 4-674 

M.D. 2-287 

D. dliptica E.O. 4-177 

E.D. 2-089 


In addition, the effect was determined of the addition of methyl 
alcohol and the standard solution of caustic potash in methyl alcohol 
upon the rotations of different concentrations of rotenone and of the 
various fractions, isolated by caustic potash extraction of ether solutions 
of the resins, all in solution in benzene. 

In Table II we have given all the salient data obtained for the 
‘‘Sumatra-type”. The equivalent of caustic potash to be added was 
calculated, assuming the resin to have the same molecular weight as 
rotenone. This assumption is not strictly valid, but it gave a rough 
approximation of the amount of caustic potash to be added and ex- 
perience showed that within certain limits the amount of alkali added, 
although having a distinct bearing on the initial change of rotation, 
had only a slight one upon its subsequent rate of change. 

In the table also the specific rotation of the mixture of methyl alcohol 
with the benzene solution of the resin is given, the resulting concentration 
of resin being calculated on the assumption that there was no change 
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in volume; the corresponding specific rotation of this concentration in 
benzene was determined from the graph in Fig. 1. It will be noted that 
the addition of methyl alcohol to the benzene solution of the ‘‘Sumatra- 
type” resin results in a reduction of the laevo-rotation. In a preliminary 
experiment on this resin, in which attempts were made to dissolve it in 
methyl alcohol, a portion of the resin was only slightly soluble in this 


Table II 

Effect of addition of caustic potash in methyl alcohol 
upon benzene extracts of Sumatra4ype^^ root 


Dilution S.D. 2‘136 g. resiri/100 c.c. “-12 g. root/100 c.c. 

2 c.c. methyl alcohol aclded to 5 c.c. 

Cone, after addition of methyl alcohol ==1*520 g resin/lOO c.c. 
after addition of methyl alcohol after 

5 min. == -0*69“ [aj*^ - -45*2‘’ 
3hour8--0-73°l»^=-17-8“ 

22 hour* - -0-75° [a]^= -49-2“ 
a™ for equivalent cone, in benzene - —HW° [«]fl - -70“. 


Dilution 

S.C. 4*273 g. nwin/lOO c.c. 

a“--2-9». laf;- 
-87-9°. 

4 c.c. methyl alcohol 
added to 5 c.c. 

Cone, after addition of 
methyl alcohol = 

2*3736 g./100c.c. 

ajf after 4 horn's = -0*81®. 
la]“--34». 

equiv. cone, in benzene 
-1*65®. [ag® -6*95®. 


Equivalents of potash. Kesin calculated as having mol. wt. 394. 


1 2 3 

> * . . ^ 


Time 

[«V 


[«]” 

Hr 

[aJl,«306 


Hr 

WS* [«]«,-* 116 

nun. 

0 

0 

k* 



k* 



k* 

1 

+185 

+ 116 

— 

— 

— 

— 

+208 

4131 

— 

2 





+200*5 +110 

— 

— 

— 

— 

3 

175 

106 

0(>t5 



— 

— 

203 

J26 

0*022 

5 

172 

1(13 

0*030 

190 

105*5 

0032 

i9() 

119 

0*025 

10 

160 

91 

0*027 

175 

90*5 

0*031 

180 

103 

0028 

15 

147 

78 

0*028 

161 

76*5 

0*032 

i(k; 

89 

0028 

20 

138 

69 

0*027 

151 

66*5 

0*031 

154 

77 

69 

0*028 

25 

132 

63 

0*025 

142 

57*5 

0*031 

14() 

0027 

30 

125 

56 

0*025 

137 

525 

0*028 

135 

58 

0*028 

35 

118*5 

49*5 

0*025 

130 

45*5 

0*028 

128 

51 

0028 

40 

113 

44 

0*025 

126 

41*5 

0*027 

122 

45 

0*028 

45 

109 

40 

0*024 

— 

— 

— 

— 

— 

— 

55 




113 

28*5 

0026 

109 

32 

0*026 

60 

100*5 

31*5 

0*022 

— 

— 

— 

— 

— 

0028 

70 


— 

106 

21*5 

0*025 

96 

19 

75 

93 

24 

0*023 



— 

— 

— 

— 

— 

85 




98 

13*5 

0*026 

88 

11 

0*030 

105 

85 

16 

0*019 



— 

— 

— 

— 

115 





93 

8*5 

0*023 

77 

0 

— 

145 







89 

4*5 

0*023 

— 

— 


195 

75 

6 

0*016 

— 

— - 

— 

— 

— 


205 







84 

0 

— 

— 

— 


330 

69 

0 


— 

— 

— 

— 

— 



Mean k =0*026 

Mean k -0*0285 

Mean A; =0*0275 


Mean /c/c.c. methyl 
alcohol =0*013 

Mean kjc.c. methyl 
alcohol =0*014 

Mean fc/c.c. methyl 
alcohol -0*0135 


1 


La]»r 
0 0 


0 

0 

k* 

+177 

132 



170 

125 

0*055 

158 

113 

0*052 

130 

85 

0*055 

110 

()5 

0*064 

96 

51 

0*053 

81 

39 

0*053 

75 

30 

0*053 

68 

23 

0*053 

64 

19 

0*051 

54 

9 

0*051 

49 

4 

0*051 

46 

1 

0*059 

45 

0 

- 


Mean fc =0*053 
Mean A:/c.c. methyl 
alcohol -0*0133 


* Natural logs were used in calculating L 
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solvent and some of the fractions obtained when dissolved in methyl 
alcohol were dextro-rotatory in contrast with their solutions in benzene 
which were kevo-rotatory. 

The addition of caustic potash in methyl alcohol causes a definite 
colour darkening of the solution and an instantaneous change from a 
laevo- to a dextro-rotation. The rotations then decline at first rapidly 
and afterwards more slowly. The readings were taken for the first and 
second minutes after mixing and afterwards every 5 min. until the change 
became so slow as to require a longer period for accuracy. Only one 
reading could be taken at these 5 min. intervals, so rapid was the early 
rate of change, but for the 15 min. intervals five readings, and for 30 min. 
and longer intervals ten readings were taken, the mean of each set 
being given in Table II. After a period the change became very slow 
and the solution darkened to such an extent as to render further readings 
impossible. In no instance did the dextro-rotation fall to zero with time, 
but approached a value which could be regarded as the end-point of the 
reaction. We are unable to state the nature of the product giving rise 
to this residual dextro-rotation or whether it was present in constant 
amount during the course of the decline in the rotatory power. It was 
considered preferable to take the final reading as the equilibrium point 
indicating a cessation of the main reaction. This value was therefore 
deducted from the other readings for purposes of calculating the velocity 
coefficient assuming the reaction to be unimolecular. The curves obtained 
by plotting the specific rotations against the time interval only approxi- 
mate to the semi-logarithmic type, the value for the velocity coefficient 

rotation and and the changes of rotation after time and i^y tends 
to decline with time, but, with many of the curves is approximately 
constant at their middle portion. For the lower concentrations of resin 
the mean velocity coefficient is practically independent of the amount 
of caustic potash added. The velocity coefficient for dilution 8.C. is 
approximately double that found in the tests given by dilution S.D. 
Later work, the results of which are given below, demonstrated that the 
increase in velocity is not due to the increase in concentration of the 
resin, but to the amount of methyl alcohol added with the caustic 
potash. At the foot of Table II we have given the values for the ratio 
Mean k/MeOE c.c.^ It is approximately the same in every case, namely 
0-013~0*014. 

^ I.e.thenuinberofc.c. of methyl alcoholadded to Sc.c.of the benzene solution of the reein. 


, in which, after deducting the final reading, a is the initial 





F. Tattbrsfield and J. T. Martin 907 

The data for the similar treatment of D. mhccemis are given in 
Table III. 

Table III 

The effect of addUim of caustic potash in methyl alcohol 
upon benzene extracts of D. malaccensia root 


Dilution 

Dilution M.D. (2*287 g. resin/lOO c.c. *> 12 g. root/lOO c.c.). M.C. (4*574 g. resin/KK) c.c. 

- -2*08°. [aff « -90®. -24 g. root/lOO c.c.). 

^ . A , a5? = -4*04°. [a]2®---88•3^ 

2c.c. methyl alcohol added to 4c.c. methyl alcohol added to 4c.c. methyl alcohol added to 
5 C.C. 5 C.C. 5 C.C. 

One. after adding methyl alcohol Cone, after adding methyl alcohol Cone after adding methyl alcohol 
« 1*634 g./lOO c.c. - 1-27 g./lOO c.c. =2 54 L g /lOU c.c. 

[a]5f after adding methyl alcohol [a]^ after adding methyl alcohol [aj‘;J]' after adding methyl alcohol 
-.69». « -61“. “ -59 0^ 

[a]y for equiv. cone, in benzene [ajjf for equiv. cone, in benzene [a]';^ for e(|uiv. cone, in benzene 
- -. 91 • 5 ^ - - 92 «. “ -«!“• 

Equivalents of potash added. Resin calculated as having mol. wt. -394. 




Wir 


r ■ 

Wtr 









k 

0 

o 

k 

0 


k 


119*6 

88*9 

__ 

107*8 

97*2 

— 

0*008 

103*9 

73*2 

0*065 

941 

83*5 

0-051 

0*017 

a5*o 

5^13 

0*002 

73*0 

63*0 

0*054 

0*021 

71*6 

40*9 

0*060 

606 

50*0 

0*051 

0*023 

63*0 

32*3 

0*057 

48*4 

37*8 

0*052 

0*023 

55*9 

25*2 

0*055 

40*2 

29*6 

0*052 

0*024 






33*5 

22*9 

0*052 

0*025 



— 

— 

291 

18*5 

0*050 


43*3 

12*6 

0*052 


— 

— 

0*025 




20*3 

9*7 

0*048 


37*0 

6*3 

0*050 

— 

— 

— 

0*026 



— 

15*7 

5*1 

0*047 

0*024 

— 

— 

— 

— 

— 



33*0 

2*3 

0*044 

— 

— 





_ 

13*0 

2*4 

0*040 

0*023 

— 

— 

— 


— 

— 

— 

30*7 

0 



11*0 

0*4 

0*036 

0*022 

— 



— 

10*0 


— 




— 

— 

— 

— 



Mean Jk(lM70 min.) -0*0235 

Mean kjex. methyl 
alcohol -0*0117 


Mean k —0*0555 
Mean k}cs.. methyl 
alcohol —0*0130 


Mean k (5-65 min.) -0*051 

Mean fc/c.c. methyl 
alcohol —0*0127 


From this table it can be readily seen that the resin of Z). malaccensu 
reacts to caustic potash and methyl alcohol in a very similar way to the 
“Sumatra-type” resin. There is the same reduction in the rotation on 
adding methyl alcohol and the same conversion from laevo- to dextro- 
rotation on the addition of caustic potash in methyl alcohol to its benzene 
solution, and a subsequent decline in dextro-rotatory power with time. 
It would appear too as if increasing the methyl alcohol accelerated the 
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decline. The magnitude of the initial change-over from laevo- to dextro- 
rotation is proportionately less than in the “Sumatra-type”. 

The results of adding caustic potash in methyl alcohol to the resin 
of jD. elliptica and to rotenone in solution in benzene are given in 
Table IV. It will be observed here that although, as would be expected, 
the addition of methyl alcohol reduces the specific rotation, the addition 
of caustic potash in methyl alcohol does not produce the conversion to 
dextro-rotation, although it causes an immediate drop in the laevo- 
rotatory power, any subsequent change being probably not outside 
experimental error. 


Table IV 


The effect of additig caustic potash in methyl alcohol to benzene solutions 


of the resin of D. elliptica, and of rotenone 

Resin from I), eUipiica 

Dilution 

Rotenone 

_A 

Description 

E.D. 

E.D. 

E.C. 

/ 

# 

> 

t 

Dilution in benzene g./lOO c.c. 

2-OSO 

2-089 

4-178 

0-960 

0-432 

=g. root/100 c.c. 

12 

12 

24 

— 



- 2-05" 

- 2-05“ 

- 4-01" 

- 2-19" 

- 1 -or 


-984" 

1 

o 

-96" 

-228" 

-234" 

Methyl alcohol added to 5 c.c. of above 

2c.c. 

4 c.c. 

4 c.c. 

4c.c. 

4c.c. 

Cone, after addition of methyl alcohol g /lOO c.c. 

1492 

1-161 

2-321 

0-533 

0-240 

[a]^® after adding methyl alcohol 

-854" 

-80-1" 

-801" 

-214" 

-215" 

[a]^ for equivalent cone, in benzene from graph 

-99" 

-99-5" 

-98-5" 

-232" 

-233" 

G.-equivalente of caustic potash added 

1 

2 

1 

2-1 

5-3 

[a]^® 6 min. after mixing 

-9*38" 

-0-86" 

-7-32" 

-79" 

-79" 

after time in brackets 

-007" 
(106 mill.) 

-2-58" 
(100 min.) 

-8-(;i" 

(55 mm.) 

-68° -71" 
(2731 min.) (1112 min. 

* Rotenone of equivalent strength to that present in I), ellipttca resin K.C. Methyl alcohol and caustic potasi 
as in E.C. 


t Rotenone of equivalent strength to that present in 1). malaccmsis resin M.C. Methyl alcohol and caustic 
potash as in M,C. 


Many other concentrations of rotenone in benzene ranging from 5 g to 1 g. per l(X)c.c. were tested with various 
amounts of methyl alcohol and caustic potash. The addition of methyl alcohol reduced the rotation slightly and 
caustic potash veiy materially and there was in the latU'r ease a slight further loss with time, but in none did the 
rotation become positive. Then* is a tendency on the addition of cau-stic potash for crystalline matter to be pre- 
cipitated if methyl alcohol is not present in considerable amount. 


It is clear from these figures that the “Sumatra-type” and D, make- 
censjs resins contain ingredients that are not present to any extent in 
the sample of D. elliptica used. Rotenone, from the data given in 
Table IV, obviously plays no part in this characteristic switch-over in 
the rotation, and it is highly probable, from the results obtained with 
D. elliptica, that deguelin has no part in it either. Since the resins of 
the “Sumatra-type” and of D. makccensis are distinguished from that 
of the D, elliptica by the large proportion of material extracted from 
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their ether extracts by caustic potash, the fractions obtained in this way 
were tested. They were dissolved in benzene and caustic potash in methyl 
alcohol was added, the amount of caustic potash added being based upon 
an equivalence to toxicarol. The results are given in Table V. 


Table V 

Effect of addition of caustic potash in methyl alcohol upon benzene 
solutions effractions from '' Sumatra4ype'' resin 

Material extracted and precipiUted by caustic potash. Material soluble in ether after 
Cone, of solution =3*234 g./lOO c.c. extraction by potash. 

[a]^^ « “50*4®. Cone, of solution =3*018g./100c.c. 

, * , a^®=-2*79°. [aj2‘--92*4®. 

2c.c. methyl alcohol added to 4c.c. methyl alcohol added to 4c.c. methyl alcohol added to 
5 C.C. 5 C.C. 5 c.c. 

Cone, after addition of methyl Cone, after addition of methyl 
alcohol “2*374 g./lOO c.c. alcohol = 1*797 g./100 c.c. 

[a]'2* after addition of methyl [a]^® after addition of methyl 
alcohol = -22*8“. alcohol « -G* 1“. 

Equivalents of potash added. Kesin calculated as having 
mol. wt. =410 

1 1 


Tirao 

[Otis’ 

[otV 

[otjl-sio 


min. 

0 

0 

k 

1 

+20G 

206 

— 

2 

251 

191 

0*075 

5 

237 

177 

0*038 

10 

213 

157 

0*030 

15 

196 

136 

o*o;k) 

20 

181 

121 

0-028 

25 

169 

109 

0*0265 

;50 

157 

97 

0*026 

:i5 

145 

a5 

0026 

40 

137 

77 

0*025 

45 

128 

68 

0*025 

50 

120 

60 

0*025 

55 

115 

55 

0*024 

GO 

111 

51 

0*021 

75 

96 

36 

0*024 

90 

85 

25 

o*(m 

105 

78 

18 

0*023 

120 

72 

12 

0*024 

150 

65 

5 

0*025 

1G5 





— 

180 

62 

2 

0*026 

210 

60 

0 

— 


Wo 

Hr 

l®]l“*i86 


0 

0 

k 

+255 

195 



240 

180 

0*080 

212 

152 

0*062 

178 

118 

0*056 

153 

93 

0053 

131 

71 

0*053 

115 

55 

0*053 

im 

44 

0051 

92 

32 

0*053 

86 

26 

0*052 

80 

20 

0*a52 

— 

— 


70 

10 

0*050 

65 

5 

0*a50 

— 

— 

— 

62 

2 

0*044 

— 

— 

— 

— 

— 

— 

61 

1 

0*032 

— 

— 

— 

— 

— 

— 

60 

0 

— 


Mean k {t = 10-75 min.) *0*053 

Mean Ir/e.c. methyl 
alcohol »^0*013 


Cone, after addition of methy 
alcohol = 1*077 g /lOO c.c 
[aj^* after addition of methyl 
alcohol = -75®. 

Equivalent of potash added 
assuming moL wt. =394 

1 

Solution becomes very dark after 
addition of jiotash. 

“ approximately - 1 2®. 
Little or no change in leadings 
after 30 min. 


225 - - - 

Mean k (/»= 10-90 min.)«0*02G 

Mean kfex. methyl 
alcohol =0*013 * 


The resin recovered from the material extracted and precipitated by 
caustic potash has been shown in Part 11(5) of this series (p. 894) to be 
laevo-rotatory when dissolved in benzene. Its benzene solution reacts 
to the addition of caustic potash in methyl alcohol in a similar way to 
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the resin of the ‘‘ Sumatra-type ” and of D. malaccensis. An instantaneous 
change-over to dextro-rotation takes place followed by an approximately 
unimolecular decline of the specific rotation with time. The magnitude 
of the initial change is, however, greater than it is with the crude resins. 

The material left in the ether layer after extraction with caustic 
potash reacts more like Z). elliptica and rotenone, in that there is a 
reduction in the laevo-rotatory power but no change of sign. 

The separation of the fraction extracted and precipitated by caustic 
potash enabled us to test further the effect of methyl alcohol in accele- 
rating the decline in the rotation after the addition of caustic potash. 
It will be seen from Table V and from Fig. 3, section II, that when the 
proportion of alkali to this resin is kept constant but the amount of 
methyl alcohol added to its solution increased twofold the rate of decline 
is practically doubled. 

A repetition of the experiment with the potash extracted compound 
confirmed our view that the accelerating effect of methyl alcohol de- 
pended more on the proportion of the two solvents than on that of 
methyl alcohol to the resin. Three quantities of the ‘‘toxicarol’^ resin 
were weighed out and dissolved in benzene. The concentrations in the 
mixtures used are set out together with the mean velocity coefficients 
in Table VI. 



Cone, in 
benzene 
metli. alcohol 

Benzene 

Table VI 

Methyl 

alcohol KOH 

Mean 

k 

Mean 

k 

(whole of 


g./lOO c.c. 

c.c. 

c.c. 

g. equiv. 

(10-60 min.) 

reaction) 

(1) 

2*286 

5 

2 

1 

0*022 

0*020 

(2) 

2*286 

5 

4 

1 

0*048 

0*047 

(3) 

1*143 

5 

2 

1 

0*026* 

0*026 


* This value becomes 0*022 if the final rotation at which the action comes to a standstill 
is taken as equal to that for Nos. 1 and 2. 

If the effect depended on proportionality of methyl alcohol to resin 
we should expect the mean velocity coefficient of No, 3 to be on the higher 
level of No. 2, but if on that of the two solvents on the lower one of 
No. 1. The mean value for No. 3 is on the lower level. 

It should, however, be pointed out that during the first 5 min. the 
reaction in the case of No. 3 was more rapid than in No. 1 and approxi- 
mated to that of experiment No. 2, but its rate rapidly fell and for the 
next 50 min. was nearly the same as No. 1. The further decline in the rate 
of reaction was steady, and finally the velocity coefficient became less 
than 0-02. 

In order to make it easier to compare the results tabulated in 
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Tables II~V, we have graphed the data in the sections of the Figs. 2, 3 
and 4. In Figs. 2 and 3 the specific rotations, and in Fig. 4 the logarithms 
of the specific rotations minus the specific rotation at which the reaction 
approaches a standstill, are plotted against time in minutes. 

Fig. 2, section I, illustrates the effect of increasing the amounts of 
caustic potash upon the induced dextro-rotation of the ‘‘Sumatra- type” 
resin. There is little or no alteration in the rate of decline whether 1, 2 



Time in minutes 

Kig. 2. Decline in th alkali -induced dextro-rotation of benzene solutions of the 
“ Sumatra-tyjKJ ” resin. Section I, effect of concentration of potash. Section II, different 
concentrations of resin and methyl alcohol. 

or 3 g.-equivalents of potash are used. Fig. 2, section II, illustrates the 
difference in the rate of the decline of the induced specific rotation of 
different initial concentrations of the ‘‘Sumatra-type” resin in benzene. 
This change in rate is due, however, to the different amounts of methyl 
alcohol added with the caustic potash in the two cases. Fig. 3, section I, 
gives curves illustrating the decline in the induced dextro-rotation of the 
resin of the “ Sumatra- type ” and /). malaccensis as contrasted with that 
of JD. elliptica, which remains laevo-rotatory, after treatment with 
equivalent amounts of potash in the same quantities of methyl alcohol. 
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Fig, 3, section II, shows the effect of increasing the methyl alcohol upon 
the rate of the decline of the induced dextro-rotation of the benzene 
solution of the “toxicarol” resin. The velocity coefficient of the reaction 
is practically doubled by doubling the proportion of methyl alcohol to 
benzene solution of resin. 

The semi-logarithmic graphs in the sections of Fig. 4 are intended to 
give a comparative conspectus of the relative rates of decline of the 
induced dextro-rotations on the addition of alkali in methyl alcohol to 
the benzene solutions of the resins of the “ Sumatra-type root, D. malac- 



Time in minutes 

Fig. 3. Effect of adding caustic potash in methyl-alcohol upon the rotations of three types 
of denis resin and upon ‘‘toxicarol” resin (in solution in benzene). 

censis^ and the substance extracted and precipitated from their ether 
solutions by caustic potash (‘‘toxicaroF’ resin). The effect of doubling 
the volume of methyl alcohol added with the caustic alkali is rendered 
evident by the steeper slope of the lines. That side reactions are taking 
place is evidenced by the fact that in several cases the points are only 
fitted by a straight line over a limited period. It is indeed rather sur- 
prising that the semi-logarithmic graphs approximate so closely to 
straight lines in so many instances, when the readiness with which some 
of the compounds, present in derris root, undergo chemical change in 


] ^ of specific rotations minus specific rotation near end of reaction 
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the presence of alkali is considered. Indeed, most of the resins gradually 
darkened in colour after the addition of alkali until finally the benzene- 



Time in minutes 


Fig. 4. Decline of induced dextro-rotation with time (semi-logarithraic scale). 

Section I. “Sumatra-type” resin dilution S.D. in benzene with different amounts of 
caustic potash added in same quantity of methyl alcohol. 

Section II. 6 c.c. benzene solutions of three resins -fig. equiv. caustic potash -f 2 c.c. methyl 
alcohol. 

Section III. 5 c.c. benzene solutions of throe resins -fl g. equiv. caustic potash -h 4 c.c. 
methyl alcohol. 

Section IV. 5 c.c. benzene solutions of “Sumatra-type” resin with 1 g. equiv. caust^- potash 
and different amounts of methyl alcohol x dilution S.D. O dilution S.C. (p. 905). 

Section V. 5 c.c. benzene solutions of D, mala^censis resin with 1 g. equiv. of caustic potash 
and different amounts of methyl alcohol • dilution M.D. A dilution M.C. (p. 907) 

Section VI. 6 c.c. benzene solutions of toxicarol resin with 1 g. equiv. of caustic potash and 
different amoimts of methyl alcohol. Initial concentrations in benzene were the same 
(3-234 g./lOO c.c.). (p. 909). 


methyl alcohol solutions were of such a deep red shade that accurate 
polarimeter readings were impossible. In addition, it is known that the 
specific rotations of the resins and of rotenone increase linearly with 
decline in concentration (Fig. 1); it is possible that a similar efiect may 
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characterize the dextro-rotatory compound, and thus the rotations ob- 
served during the reaction may not have exactly the same equivalence 
as a measure of the concentrations of the reacting substance. 

Conclusions 

Owing to the large variations in type characterizing derris root, as 
many chemical and insecticidal data as possible are required about its 
different varieties. It seems to us that only in this way can the existing 
confusion be cleared away, or accurate information be made available 
as to the effect of genctical, soil, or climatic factors upon the quality of 
these plants. It is possible that in the course of time only a few varieties 
or types will be produced under cultivation and thus the problem of the 
assessment of their value be simplified; but at present there is little 
assurance that consignments as they come on to the market can be put 
into any one category as far as the chemical characteristics, botanical 
make-up and insecticidal potency are concerned. The evaluation by 
chemical means is one of great difficulty and is rendered more so by this 
contingency. The fractionation therefore of the resins of derris and cub6 
and the determination of the chemical characteristics and insecticidal 
potency of the fractions appears to be a matter of some urgency if the 
methods of assessment are to be improved. 

In the foregoing section a study has been made of the optical activities 
of the benzene solutions of resins and their fractions derived from three 
samples of derris root containing approximately the same amounts of 
ether extract. They were D. elliptica, D, malaccensis^ and the “Sumatra- 
type” of Cahn & Boam. They were all laevo-rotatory, the specific rota- 
tions being in descending order of magnitude B, eUipiica, D. malaccensis^ 
the “Sumatra-type”. The rotations did not give a quantitative measure 
of the relative toxicities of the roots to Aphis rumicis, nor was it possible 
to obtain a quantitative assessment of the relative toxicities by an 
examination of the rotations of their fractions. 

The addition of methyl alcohol to solutions of rotenone and of the 
resins reduced their specific rotations. A preliminary attempt to frac- 
tionate the resin of the “Sumatra-type” by means of methyl alcohol 
gave a fraction which was dextro-rotatory in solution in methyl alcohol 
but laevo-rotatory in benzene. The resins of the “Sumatra-type” and 
of D. malaccensis when dissolved in benzene and treated with a standard 
solution of caustic potash underwent a change of sign in their optical 
rotation. There followed a decline in the rotation on standing, the time 
reaction being approximately unimolecular in type although side reac- 
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tions apparently accompanied it. The speed of the decline was only 
slightly affected by the amount of caustic potash added or by the amount 
of resin present, provided the amount of methyl alcohol added to the 
same volume of solution was the same. An increase in the amount of 
methyl alcohol added with the caustic potash accelerated the decline in 
activity. In our experiments the rotations never reached zero after the 
initial change of sign. Rotenone and the resin of D. ellipica tested did 
not undergo a change of sign under these conditions, but the normal 
laevo-rotation was reduced instantaneously and then either slowly de- 
clined or remained approximately constant. The “Sumatra-type” root 
was therefore much more like D. malaccensis than Z). clliptica. 

When the ether solutions of the “Sumatra” or Z). muhccmsis resins 
were treated with caustic potash, a portion was extracted and precipi- 
tated by the alkali and a portion remained in solution in the ether (see 
Part II of this series, p. 887) (5). The yellow precipitate, on acidification 
and extraction, gave a resinous product^ which was laevo-rotatory in 
benzene solution but underwent the instantaneous change of sign when 
caustic potash was added in methyl alcohol. The rotation decreased on 
standing and the velocity of this reaction was also accelerated by an 
increase in the amount of methyl alcohol added with the caustic potash. 
The fraction soluble in ether behaved like the resin extracted from 
D. clUptica, showing no change of sign of rotation on the addition of 
caustic potash in methyl alcohol to a benzene solution. It appears 
probable that the material extracted from ether solutions of the 
“Sumatra-type” or D. malciccv.mis contains the precursor of toxicarol in 
high concentration. 

Further work on these lines is required in order to ascertain the 
validity of the reaction as a diagnostic sign and to discover whether 
rotation methods would be of use in ascertaining the amount of “toxi- 
carol” present in a sample of roots and if its presence is determined by 
genetical, climatic or cultural conditions. 

Summary 

A study has been made of the rotations of the resins from three types 
of derris root, and of a fraction rich in toxicarol separated from two of 
them. No strictly quantitative relationship between their rotations and 
their toxicities to Aphis fumids has been found. The addition of caustic 

^ Since this paper was sent to press a crystalline derivative, showing the characteristic 
change of sign m rotation on the addition of caustic jwtash in methyl alcohol to its benzene 
solution, has been isolated from this resin. 
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potash in methyl alcohol to the benzene solutions of the resins induces 
a characteristic change from laevo- to dextro-rotation in the samples 
rich in toxicarol. The induced dextro-rotation then declines in value 
with time. This efiect is shown by the “toxicarol’^ resin. The rate of the 
decline is accelerated by increasing the amount of methyl alcohol 

We are greatly indebted to the Copper Technical Bureau for gifts of 
the “Sumatra-type’’ root and of resins derived from this strain. 

We wish to express our thanks to Mr C. Read for help during the 
course of this work. 
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MODERN DEVELOPMENTS IN RESEARCH ON INSECTICIDES. 
PARTI. GENERAL SURVEY* 

By F. TATTERSFIEID 


The modern era of insecticide research began in 
1919—16 when Shafer (Michigan Agric. Exp. Sta. Tech. 
Bull., 1912, No. 11,; 1916, No. 21) published his papers on 
“ How insecticides kill.” To-day, it is true, one would 
hud that some of his conclusions needed correction, but 
they have stimulated and encouraged enquiry into the 
more fundamental aspects of insect toxicology, and they 
undoubtedly rank as classics. Important papers were 
published between 1910 and 1916 by Vermorel and 
Dantony (Compt. rend., 1910, 151 , 1144; 1911, 152 , 
972 ; 1912, 154 , 1300), by Lefroy (Ann. Appl. Biol, 
1914, 1, 280), and by Cooper and Nuttall (J. Agric. Sci., 
1915, 7, 219) in which the importance of the physical 
characteristics of spray fluids, particularly surface 
tension, as aflecting wetting and spreading were analysed 
and one may say that the attempt to bring greater pre- 
cision into insecticide and fungicide investigations had 
begun. At that time, some of the more important 
insecticides and fungicides, the arsenicals, nicotine, 
derris, pyrethnim, lime sulphur, Bordeaux and Bur- 
gundy mixtures, were known and some of them in use. 
Much of the work since then has been devoted to the 
Htudy of these and allied products in order to discover 
their range of usefulness, to increase their efficiency, and 
to find more powerful substitutes, safer to man, domestic 
animals, and the plant. 

Laboratory studies 

In the control of insect pests performance in the field 
is the final court of appeal, but to extend the range of 
research, laboratory methods of assessing toxicity and 
the factors contributing to it were neoe88a^)^ Insecti- 
cides are divided usually into two main classes : (a) con- 
tact poisons with which are frequently ranked fumigants, 
sometimes termed respiratory poisons ; (6) stomach or 
internal poisons. Class (a) includes those poisons 
which, having been brought into external contact with 
the insect, penetrate its integument and kill by reaching 
some vital part. Class (6) act by being ingested with the 
food. 

The forms of laboratory apparatus used for testing 
insecticides are associated with the names of Tatters- 
field and Morris, O’Kane and his oo-workers, F. L. 
Campbell, H. H. Kiohardson, Peet and Grady. The 
ntethods of these workers aim at atomising known 

^ * Bead befMe a Jd&t Meeting of the London f9eoUo& and the 
^ood Qmnp od DMember 7, !l3e. 


amounts of spray as evenly as possible over insects onl 
a constant plane area or flying in a constant volume. Ill 
is assumed that the insects will receive an amount o j 
spray which is correlated with their size. The testsj 
range over a number of concentrations. After spraying, I 
the insects are set aside, observed over a period of som® 
days, and graded for the effect produced after a definit j 
period of time. The effects may be plotted to give 8o| 
called dosage-mortality curves. | 

Other methods have been explored. O’Kane and his^ 
co-workers (New Hamps. Tech. Bull. No. 54, 1933| 
applied minute droplets to different areas of the commoi| 
meal-worm and found that the sensitivity of reactioi| 
varied with the position of the point of application. WitM 
the knowledge so gained, they elaborated a new techniqu^ 
for the initial appraisal of insecticides, in which minuti 
droplets of constant size were applied to three well- 
defined points, and the potency of the compounds wai 
judged by the time taken to produce a conv^ive effect 
The results were compared with those obtained by sprayr' 
ing. Nelson and his co-workers (Soap, 1934, 10, No. 10, 
have elaborated a similar method in which they pipettf 
known minute amounts of the insecticide, dissolved ii 
absolute ethyl alcohol, on the centre of the ventr4 
surface of the thorax of insects which have been reduced 
to quiescence by chilling; house flies reared und^ 
carefully controlled conditions are mainly used. Afte 
treatment, the flies are set aside with food and water ij 
screened dishes and the effects judged after a twenty-fou 
hour period. 

Methods depending on dipping insects, usually enclose 
in cages, into different concentrations of insecticide 
have also been used. The conditions have tn be oar< 
fully controlled and there is always a risk of stomad 
poison effects invalidating the interpretation of th 
results. I 

Injection methods have also been explored (J. Gei 
Physiol, 1926, 9 , 433). In this way F. L. Campbe 
(J. Econ. Entom., 1932, 25 , 905) found that certain < 
the basic dyes (malachite-green in particular) were tox 
to silk worms. Hockenyos and Lilly {ibid,, 253) ah 
used an injection method and were unable to find th( 
there was a direct proportionality between suscept 
biUty and size. Injection methods present considerab 
possibilities in exploring the fundamental reactions ( 
insecticides but they are too remote from procedun 
which can be adapted in practical work to make tl 
results easy of a utility interpretation. 
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Stomadpoism 

' The critical study of stomach poisons dates back a 
aamber of yeais but the mode of assessing results has 
h««n variable. They can be summarised thus : Holloway 
(J. Boon. Entom., 1912, 5, 452), poison exponent, time 
to kill by Paris green -r time to kiU by new poison. Scott 
amd Siegler (U.S. Dept. Agric. Bull. 278, 1915), area of 
poisoned leaf consumed and time taken to kill. Tartar 
and Wilson (J. Boon. Entom., 1916, 8, 481), determination 
of arsenic in dead insects. Lovett and Robinson (J. 
Agric. Res., 1917, 10 , 199), arsenic acid in body -r 
arsenic acid in excreta, together with time taken to kill. 

W. Moore (Univ. Minn. Tech. Bull. No. 2, 1921) 

; working with the arsenicals compared several of the 
methods. Thus he determined : (1) weight of poisoned 
bait consumed before death, (2) average number of hours 
necessary to produce death, (3) ratio of chemicals in 
tissues to that in excreta (lead arsenate ~ 1). Moore 
selected the last method as being most suitable for 
evaluating the toxicity of the arsenicals and it un- 
questionably does enable one to ascertain important facts 
such as the more rapid absorption of acid lead arsenate 
than of basic lead arsenate (Tartar and Wilson ; Lovett 
and Robinson), but as a means of determining relative 
toxicity or of comparing a miscellaneous list of chemical 
compounds, it would not only prove excessively laborious 
but unless coupled with information of the amounts of 
poison administered might lead to no information of 
I economic importance. 

j P. L. Campbell (J. Econ. Entom., 1930, 23, 357) 

' considered several methods of evaluating stomach poisons 
and concludes that no method measures at all accurately 
the relative toxicities of compounds unless the dose 
administered is determined, and he makes the pertinent 
comment that “ the speed of toxic action of a stomach 
poison is determined by a whole chain of physical and 
chemical events occurring from the time the poison 
enters the stomach until the insect dies and the rate of 
the chain of events is dependent on the size of the dose 
and not on some fraction of the dose responsible for the 
death of the insect.” As a result of this work he finally 
decided that for dusts the most practical method was 
to deposit in a specially devised apparatus an ascertain- 
able and evenly distributed weight of poison on discs 
of leaf of constant size. Sandwiches were prepared by 
superimposing a second circle of leaf. The amount 
taken by the insect could be ascertained by measuring 
the unconsumed leaf area by a planimeter or, as Bulger 
has suggoi^ed, by photoelectric methods. The time to 
paralyse and to kill and its inverse the speed of toxic 
action as well as the dosage are determined. The 
with this method unquestionably is that for 
insecticides mixed with some diluent there is a danger 
that the deposit on the leaf may not be of the same 
cbmpotttion as the original dust. This necessitates 
separate operations with the poison and the diluent. 
The method has been slightly moMed by Stellwaag 
and by Bulger and it has proved a powerful instrument 
of research. 

Other methods depmiding on the consumption of 
poison baits of various loads and, in the case of codling 
moth larvae, of plugs of apple have also been used. 


Means of mmng tMiy 

There are two ways of expressing the toxicity lesultB 
obtained : (a) dosage ma^ be compared with per cent, 
mortality or (6) dosage with the time taken for a lethal 
effect to take place or with its reciprocal, the speed 
of toxic action.^’ 

Some of the more simple of the statistical transforma- 
tions have been of value in enabling the comparative 
toxicities of various compounds to . insects to be 
assessed. It is a matter of some interest that in both 
drug and insecticide work similar methods were in- 
dependently devised for simplifying the quantitative 
expression of the results. 0*Kane and his co-workers 
and C. I. Bliss were almost contemporaneous with 
Hemmingsen and Gaddum. 

When the concentration of poison is plotted against 
the percentage kill an asymmetrical or skew S-shaped 
curve usually results. It is fairly obvious that different 
portions of such curves vary in validity for estimating 
toxicity. Thus the 100% mortality is approached 
asymptotically and cannot be accurately defined. R. A. 
Fisher in a note appended to an early paper of Tatters- 
field and Morris (Bull. Entom. Res., 1924, 14 , 223) 
pointed out that comparisons were statistically sounder 
when made at concentrations giving a mortality of 60%, 
the so-called median lethal dose. Although McOallan 
and Wilcoxon (Gontr. Boyce Thompson Inst., 1933, 5, 
173) have expressed doubt as to the complete validity of 
this generalisation, it has been very generally ui^. 
It is obviously not satisfactory to be bound down to so 
narrow a limit, not always easy to determine, and, , 
moreover, not meeting the needs of the practical man, 
who wishes to know concentrations capable of killing a 
much higher figure and if possible 100% of his pests. 
These sigmoid curves which owe their shape, mainly, 
to variations in the susceptibility of individual insects 
to the action of the poison, can be converted into straight 
lines by certain statistical devices. The methods 
elaborated by O’Kane and his co-workers (New Hamps. 
Agric. Tech. Bull. Nos. 39 and 58) eliminate the varia- 
tions in susceptibility, by plotting dosage-mortality i 
results on probability paper and projecting the data on 
an arbitrary arithmetic scale, the logarithms of the 
values so obtained when plotted against the logarithms 
of the concentrations giving straight lines. C. I. Bliss 
(Ann. Appl. Biol, 1935, 22 , 134, 307) plots the logarithms 
of the actual dosages against dosages infened from the 
integrated normal frequency distribution. These in- 
ferred dosages expressed in terms of the standard 
deviations he has entitled “ probits.” By Bliss’ method 
the converted dosage-mortality curves often show a 4 
break in the straight line for concentrations of in- 
secticide killing only a small proportion of the insects. 
O’Eane has pointed out that such a break would not 
occur were the logarithms of probits taken** Blto 
(J. Econ. Entom., 1936, 28 , 646), however* mainta^ J 
that the logarithm of a probit is not a naturtd function 
and that the break probably indicates that low oonoen- 

• The reUtion between the method of Bhu and O’Eaw i* 
that BliM plots the probits *'0*^ aoti^ log 00D0iDlf»lian** , 
whereas O’Kane plots log ( 18 * 4 to- 17 - 22 )agaln^i 0 i,i^^ ^ 
tion. ForafaUappre^tionofiUeffleth^iih^ 
shonld be oonsalM. 
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trations of insecticidos act in a different way from High 
concentrations, aleo that the change of slope may have 
a biological reality. The main matures about these 
mathematical conceptions are that they simplify the 
comparison of insecticidal values, enable a larger number 
of data to be taken into account, and give a means of 
arriving at the approximate concentration of an in- 
secticide giving a 100% mortality. 

The estimation of the time of survival and its re- 
ciprocal (the speed of toxic action) has been exten- 
sively used in research. Reference should be made 
to Clarke’s monograph “The Mode of Action of 
Drugs on Cells” (Ainold) for an analysis of this 
relationship. F. L. Campbell (J. Gen. Physiol., 1926, 
9, 727 ; J. Agric. Res., 1926, 32, 356) has illustrated 
its use for the evaluation of stomach poisons by 
' plotting the speed of toxic action against the dosage and 
by determining the areas enclosed beneath the curves 
and taking their ratios. This is equivalent to taking 
the ratios of the sums of the respective speeds of toxic 
action over a whole range of dosages. The method, 
however, may possibly lead to some misinterpretation 
if the comparison is made between compounds of very 
different physiological action, as some insecticides are 
slow but cumulative and others rapid but evanescent in 
their effects. In evaluating stomach poisons it is 
customary in critical studies to state the dosage per 
body weight but, although in general small larvm are 
less resistant than large larv®, there is some evidence 
to show that the toxic effect is not strictly proportional 
to the size of the insect. In the case of contact in- 
secticides it is assumed that the amount of an insecticide 
at constant concentration sprayed on an insect is pro- 
portional to its size. SuflScient data have not yet been 
accumulated to give anything like a final answer as to 
what power of the body weight should be taken. Bliss 
(J. Exp. Biol., 1936, 13, 95), who has analysed some of 
CampbeU’s data for sodium arsenate, considers the 
logarithm of the speed of toxic action to be preferable 
to the rate of toxic action itself for assessing toxicity 
and found the data for all the instars of the insect used 
(silkworm) to fall on one straight line when log rate 
was plotted against the log of the dose adjusted by the 
size factor 

Field tmU 

The quantitative assessment of results in the field 
has now largely taken the place of the general impres- 
siou gained on inspection. It is, however, almost im- 
possible here to deal in even the slightest detail with the 
, aiethods used. Illustrations of these are given by 
I A. M. Massee (Ann. Appl. Biol., 1926, 13, 452) and by 
I Bartlett (Supplmt. J. Roy. Statist Soc., 1936, 3. 189). 
l^itther’s statistical meth^ (particularly the analysis 
of variance), for which comparatively small samples 
^y be used, have enabled workers to estimate the 
aignificance of their results without being involved in 
almost insuperable labours. 

Chemical devekpmente 

h the whole of this work then has been a fairly dose 
collaboration between chemist, entomologist, ^ysi- 


oist, and statistician. One should not, however, omit > 
from this list those who are actively engaged in industrial ' 
chemistry who have presented a large array of products , 
to be tested and who have been able to draw on experi- ^ 
ence from other fields of work. I 

Tar dMlate8.---T)ie introduction from Holland of the | 
tar-distillate washes for spraying dormant fruit trees 1 
a few years after the war brought about a revolution | 
in spraying practice and much discussion raged around 
them for some years. Tutin (Long Ashton Repts., 
1927, 81) showed the great insecticidal importance of the 
high-boiling (280--360®) neutral compounds of vertical- 
retort tar and industrial chemists provided new means , 
of emulsification which met the difficulties found in using 
the early products with hard water. It was soon noted 
that an increase in the incidence of red spider resulted 
from the use of these washes, and to meet this and to 
extend their range of usefulness heavy petroleum oils 
were added. It is a matter of considerable interest 
that the tar products should be lethal to aphis eggs and 
petroleum, although said to be somewhat uncertain to 
those of the red spider. The time of application of these 
products is of course a matter of importance as a certain 
amount of the bud damage may result from spraying 
too late in the season. Tar distillates are therefore used 
as winter washes on dormant trees. Petroleum washes, 
however, are used for both winter and summer spraying 
but for the latter purpose they must contain a com- 
paratively low proportion of unsaturated hydrocarbons. 

Petroleum oils.— The use of petroleum as an insecticide 
dates back a considerable time. Kerosene and a heavier 
fraction “ solar distillate ” were applied to trees by 
Pickering but the earlier petroleum derivatives while 
proving insecticidal frequently led to serious phytocidal 
effects. The so-called heavy oils when first tested had 
a slower but none the less pronounced injurious action. 
This acute toxicity was traced down to the sulphonatable 
fractions and highly refined oils were produced for spray 
purposes. These highly refined heavy petroleum oik 
came into such e^ensive use that Woodworth (J. Econ. 
Entom., 1930, 23, 848) thought that the prospects were 
that they would become the chief insecticides. Although 
that promise is not quite so certain to-day, they un- 
doubtedly occupy one of the foremost places. Petroleum 
oik of various types, particularly as dormant sprays, are 
used extensively in the United States for the control of 
scale insects. In the citrus-growing areas of Florida 
and California very large amounts of oil sprays have been 
used annually, two or three applications being made 
each year. In America and in England highly refined 
oik have been shown to be very useful as acaricides, but 
the application in America of highly refined oik in com- 
bination with or following lead arsenate for the control 
of codling moth has not been generally adopted, except . 
in regions where great difficulty in its control has been 
met with. Their employment increases the difficulty of 
the subsequent washing of the fruit. 

The excessive use of even highly refined saturated oik 
appears to be causing some uneasiness. Knight, 
Chamberlin, and Samuek (Plant Physiol., 1929, 4, 299) 
and Rohrbaugh (ibid., 1934, 9, 699) mention a number of 
manifestations of chronic injury that have been observed 
after their application. There appears too to be some 
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^ of cumulative damage which may, however, be un- 
Ifiimded. The metabolic disturbances observed in the 
tfoe are apparently due to physical rather than chemical 
caUBes and result from the intrusion of the oil, par- 
ticularly heavy oil, into plant tissues. Kelley (Dlinois 
Agric. Bull., 1930, No. 348) considered the injury to be 
accentuated by high humidity and that highly refined 
oils are not a guarantee against it, but drought conditions 
may play an important part. Further research may 
overcome these difficulties and it is generally recognised 
that highly refined petroleum oil emulsions are amongst 
the most powerful controlling agents of insect pests, 
particularly those of citrus trees. Their importance for 
use in this connexion has been accentuated by the 
appearance of scale apparently more resistant than u.sual 
to hydrocyanic acid, and as the damage is probably 
partly due to over8])raying it would appear that the 
incorporation of highly toxic chemicals with the petro- 
leum may well lead to a solution of the difficulty. 

The acute phytocidal effect, in contrast with the 
chronic effect mentioned above, of crude petroleum oils 
is largely due to the presence of unsaturated hydro- 
carbons and compounds extracted on sulphonation. In 
a recent paper by Tucker (Ind. Eng. Chem., 1936, 28, 
458) it is claimed that the toxicity of these compounds is 
largely due to the formation by oxidation of asphalto- 
genic acids and that the unsaturated comi)Ounds are not 
themselves toxic in a chemical sense. Young (J. Agric. 
Res., 1934, 49, 559) considers that oils sulphonated by 
sulphur dioxide are more dangerous than those sul- 
phonated by sulphuric acid ; thus the chemical nature of 
these residues is an important consideration. 

It is thus obvious that compounds like the tar dis- 
tillates and petroleum spray oil derivatives, obtained as 
they are from diverse raw materials emulsified in various 
ways, are not easy to standardise. On^ of the most 
important papers we have on this subject we owe to 
Hubert Martin (Ann. App. Biol, 1935, 22, 334). It is 
much too detailed to summarise here, but he divides 
these oils and their preparations into various grades 
according to the uses for which they are intended and 
gives a variety of chemical and physical criteria with 
which each grade should comply, in the hope that they 
will be tested out in practice and meet with the con- 
sideration of those who have an interest in them. 

Nicotine and related products,— When it is borne in 
mind that this alkaloid is toxic both as a contact and 
as a stomach poison and kills in the vapour phase, and 
that there is little immunity to its effect on egg, larvse, 
or adult stages of insects, it is not surprising that it still 
holds an important place to-day as an insecticide. Home 
rather disagreeable properties and its high cost react 
against its use and substitutes have been actively sought. 
It has come recently again into great prominence in 
America, where an almost fervid campaign for sub- 
stitutes for the arsenicals is being pursued, particularly 
for the control of codling moth on apples. The volatility 
of nicotine, the fact that it is not permanent enough 
after spraying, and its cost have acted as limiting factors 
to its use. Loss of activity after spraying seems likely 
to be overcome, and products like nicotine oleate and 
humate as wdl as nicotinised peat have been prepared. 
The most interesting of these products is nicotine- 


bentonite, which seems already to have had some success 
in controlling codling moth. Although in field trials 
it may not as yet have come up to lead arsenate in per- 
formance (J. Econ. Entom., 1936, 29, 590), it shows con- 
siderable promise (ihu?., 369). 

The high cost of nicotine has lead to the search for 
substitutes, and research workers turned to compounds of 
similar structure and this finally lead to the synthesis 
of dipyridyl, pyridylpiperidines, and dipiperidines. It 
was found (C. R. Smith, C. H. Richardson, and H. H. 
Shepard {ibid., 1930,23, 863, and other references) that 
3-pyridyl-2'-piperidine (neonicotine) was of the same 
order of toxicity as nicotine. There are important rela- 
tionships between chemical constitution and insecticidal 
action among this group of compounds, but it is interest- 
ing to note that amongst the pyridylpiperidines the most 
toxic is of a similar structure to nicotine, 2-pyridyl-3- 
piperidine being less toxic. Shortly afterwards the 
alkaloid anabasine, isolated from Anabasis aphyUa, was 
found by Russian workers to have a powerful contact 
action and the work of Orekhov and Menschikov (Ber., 
1931, 64, 266) and of C. R. Smith (J. Amer. Chem. Soc., 
1932, 54, 397) showed it to be identical in structure with 
neomcotine, but optically active. Lsevorotatory ana- 
basine has been found to have, if anything, a higher 
order of toxicity by contact to aphides than nicotine 
but it is a less powerful stomach poison. The spatial 
arrangement of these compounds seems to play an 
important part in toxicity and it is of considerable 
interest that Craig and Richardson (Iowa State Coll. J. 
Sci., 1933, 7, 477) have found racemic nicotine to be much 
less toxic than the natural Isevo-alkaloid, and Starr and 
Richardson (J. Econ. Entom., 1936, 29, 214) state that 
the toxic action of the laevo-form of 2-p-tolylpyroDidine 
tartate differs in type from that of the de3ctro-form. 
Recently too, Richardson, Craig, and Hansberry (J. 
Econ. Entom., 1936, 29, 850) have demonstrated 
interesting contrasts between the toxicities of the a- and 
the p-nicotines and nornicotines, the p-compounds being 
in every case much more toxic than the a-compounds. 

Organic thiocyanates.— One of the most interesting 
of recent discoveries in this field is the high toxicity 
of the organic esters of thiocyanic acid, products of 
industrial research, It has long been known that allyl- 
thiocarbimide was an extremely potent insecticide. 
The first announcement of these products as far as can 
be traced came in 1932, when Murphy and Peet (J. Econ. 
Entom., 1932, 25, 123) showed that a certain aliphatic 
thiocyanate had a high toxicity to aphides. Tie 
compound reported as p-butoxy-p'-thiocyanodiethy) 
ether was shown to be highly toxic to a variety of insect 
pests. Later, lauryl thiocyanate was shown also to 
have a high toxicity and to have a large range of awlic^^* 
bility for pest control. Wilcoxon and Hartzell (Contr. 
Boyce Thomiwon Inst., 1934, 6, 269 ; 1936, 7, 29) 
have made a careful study of this group of com* 
pounds and found that trimethylene dithiooyanate, 
CNS*CH 2 'CH 2 CH 2 ’CNS, and phenyl v-thiocyano* 
propyl ether, C^Hg’OCHa'CHn-CHj'CNS, are highly 
insecticidal but also have some phytocidal effect, but this 
varied with the plant, many plants showing no injury. 
They were ineffective as stomach poisons. Wilcoxon 
and Hartsell report that on a basis of oontent the 
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methylene derivative was less toxk than lauryl thio- 
cyanate but that the latter was not so toxic as rotenone. 
Bousquet, Salsborg, and Dietz (Ind. Eng. Chem.,. 1935, 
27, 1342) show an interesting relationship between 
the strught-chain thiocyanates and toxicity, a rise in 
toxic value being observed as the number of carbon 
atoms in the homologues increase up to 12, which was 
followed by a decline. This result is of the same type 
as that obtained at Bothamsted for the fatty acids, 
except that the decline came after the 11 -carbon atom 
acid in that case. Recent work by Kearns and Martin 
(Ann. Kept. Long Ashton Res. Sta., 1935, 49) shows that 
lauryl thiocyanate is highly toxic to insect eggs and this 
may prove one of its most valuable uses. 

Dinitro-ompounds.—A new compound of considerable 
interest has arisen out of an active study of the dinitro- 
compounds as insecticides. It was found at Rothamsted 
that 3 1 5-dinitro-o-cre8ol was highly toxic to insect eggs. 
This material proved unsuitable for practical use for 
various reasons. 

C. H. Richardson and J. E. Kajy (J. Econ. Entom., 
1936, 29, 52, 393, 397 ; also ibid., 218) have shown 
that if the methyl group is replaced by a cydohexyl 
group to give 2 : 4-dinitro-6-cycIohexylphenol a still more 
powerful insecticide is obtained. It has the advantage 
too of being soluble in petroleum oil. It was found that 
this compound was toxic as a contact poison to several 
species of insects and their eggs and to the red spider 
and also that its calcium salt had stomach poison pro- 
perties of a high order. 

The arsemcak.— In the United States of America, in 
almost every insecticide laboratory the status of the 
arseuicals as stomach poisons is discussed. Dr. Roark 
and Dr. Campbell have led a brilliant team in the Bureau 
of Entomology and Plant Quarantine in Washington in 
their search for substitutes particularly for lead arsenate. 
It 18 a much more urgent problem for them than for us, 
as the codling moth in particular is a far more, serious 
liest there than here, and repeated sprayings are re- 
quisite, sometimes up to a few weeks of gathering the 
fruit. The washing of apples before marketing in order 
to reduce the tolerance of both lead (0-019 grain per lb.) 
and arsenic (0-01 grain per lb.) to the limits imposed by 
the U.8.A. Food and Drug Administration became a 
necessity and a source of exjiense. It was thought that 
fluorine derivatives such as the silicofluorides and the 
lluoaluminates, which have been shown to possess power- 
ful stomach poison properties to insects, might solve 
the difficulties, but the pathological changes in the teeth 
caused by fluorine compounds have been responsible 
for fixing a tolerance in America of 0 -01 grain of fluorine 
per lb. and made washing still requisite. 

The campa^ therefore against lead arsenate seems to 
resolve itself into : (1) a search for other arsenicals not 
containing lead ; (2) the admixture of petroleum oils 
with the lead arsenate ; (3) the testing of low-volatile 
nicotine compounds; (4) the search for substitutes, 
cliiefly organic compounds. The arsenates of calcium, 
niauganew, and zinc, and other arsenicals seem to have 
given variable results. The use of oils with lead arsenate 
accentuates the washing problem. Nicotine-bentonite 
i^ud the tannate and humate, particularly the first- 
tiumed, present hopefiil poesib^ties but have not had 


a long enough trial for their exact status to be 
defined. Rotenone, although it can replace arsenicals 
for certain purposes, has proved ineffective against the 
codling moth. A long array of organic compounds has 
been subjected to laboratory trials and a few selected 
for further investigations. Among the most hopeful 
of these is thiodiphenylamine or phenothiazine, 

NH 

CnHi<_g ^>CgH 4 . This compound, synthesised by heat- 
ing dipheiiylamino with sulphur in the presence of a 
catalyst, iodine or aluminium chloride, was reported by 
Campbell, Sullivan, Smith, and Haller to be the most 
toxic compound tried in insecticide tests against culicine 
mosquitolarv 8 B(J.Econ. Entom., 1934,27, 1176; 1935,28, 
727 ; 1936, 29, 532). The material prepared on a semi- 
commercial scale msing aluminium chloride as catalyst 
does not appear to have been so successful in field trials 
against codling moth as was expected, but it contained a 
good deal of inert non-toxic material. The performance, 
however, of the pure product in laboratory trials against 
codling moth causes one to look forward with interest to 
the results of further field application. More recently it 
has been reported from Washington {ibid., 29, 804) that a 
number of azo compounds have been found highly toxic 
as stomach poisons in laboratory trials on mosquito larv® 
and the whole situation is becoming of great interest. 
There is, however, a gap between the laboratory and the 
field and a compound may stand or fall by its physical 
properties and its power to witbtand weathering. It is 
probable that for such reasons lead arsenate holds its 
strong position rather than for its inherent toxicity. 

Adjuvants.— ¥ot many years now it has been realised 
that if a contact or a direct-action insecticide 
nicotine) in con rra -distinction to a protective insecticide 
{e.g., lead arsenate) is to be fully effective, some other 
agent must be added in order to increase its wetting and 
spreading over th(i insect. Such agents often greatly 
accentuate toxic action. In addition, compounds 
are often added to enhance the adhesive properties of 
insecticides and to increase the stabihty of the emulsions 
used in the spray tank. An extensive literature has 
grown up around this phase of the subject. 

A paper with many literature references by A. C. 
Evans and H. Martin (J. Pomology, 1935, 13, 261) gives 
an excellent ac(!ount of the problems involved in wetting 
and spreading and a list of the newer materials suggested 
as wetters. All the.se materials possess this reaction in 
virtue of their surface acti\’itv due to a relatively massive 
hydrocarbon complex attaihed to a group polar to 
w^ater, e.g., carboxyl or sulphonic or sulphate groups. 
Many of them have come into plant protection workwa 
the textile trade. Although soft soap is still largely 
used as a wetter and .'Spreader and is reported as being 
still the best for some purposes, it ha.s grave disadvantages 
for use with hard water and is incompatible with some 
insecticides. 

In this connexion attention may be drawn to an almost 
forgotten observation of Moore’s in 1921 (Minnesota 
Agric. Exp. Sta. Tech. Bull. 2 ; J. Econ. Entom., 1925, 18, 
282). Moore found by electro-osmotic experiments that a 
leaf, when wet, was negatively charged and that the par- 
ticles of a number of arsenicals including lead arsenate 
when moist were also electro-negative. He found that 
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littic and aluminium arsenate and arsenite were, when 
Tr«t, positively charged and that lead arsenate mixed with 
imperfectly washed ferric and aluminium hydroxides 
appeared to withstand weathering and washing better 
than many arsenicals. The effect seems to be partly 
due to the presence of ferric or aluminium chloride, 
Hoskins and Wampler (J. Econ. Entom., 1936, 29, 134) 
have recently studied this phenomenon. By means of a 
microcataphoresis cell they determined the charges on 
lead arsenate and beeswax in water both with and with- 
out the presence of aluminium ions. They also studied 
the effect of these ions on the wetting of the beeswax 
surfaces and the deposit thereon of lead arsenate, when 
sprayed with lead arsenate-water mixtures. They 
found that both lead arsenate and beeswax were nega- 
tively charged when wet but that the aluminium ion 
induced a positive charge increasing with its concentra- 
tion, but also depending on the pji value of the mixture. 
The change in charge was more rapid with lead arsenate 
than with beeswax, so that a totally unexpected increase 
in wetting effect took place between certain narrow limits 
of concentration of the aluminium ion. When sufficient 
aluminium chloride was added to give a low positive 
charge to the lead arsenate but to leave the beeswax 
still slightly negative the maximum deposit of lead 
arsenate was observed, but the deposit was greatly 
decreased when both were charged positively by an 
increase' in the concentration of aluminium ions. 


Mode of application 

For some years now it has been suspected that the 
mode of application of an insecticide may have a pro- 
found effect on its toxicity. O’Kane (New Hamps. 
Agric. Tech. Bull., 1933, No. 54, p. 21) appears to have 
detected this some years ago. Some of the l)e8t examples 
occur in the use of pyrethrum (sec Part 11). 

Soil fumigation 

Here there are at least two grave limiting factors : 
(1) economic, (2) the means of evaluating results. The 
first may take years of further work to surmount but 
something has been done by attracting and concentrat- 
ing the pest (e.g., wireworms) to an appropriate and 
easily accessible position and administering the poisons 
there (Ann. Appl. Biol., 1927, 14, 359 ; J. Econ. Entom., 
1925, 18, 702). The second has been materially ad- 
vanced by the recent work at Rothamsted by Ladell 
(Ann. Appl. Biol, 1936, 23, 862), who has applied 
Fisher’s statistical technique to the evaluation of his field 
results and has elaborated an apparatus for rapidly 
separating the soil fauna; it operates by means of 
levigating process, using magnesium sulphate to bring 
the density of the water used above that of the insects. 
The insecii are carried over in the foam-like scum formed 
by churning the soil ^ith this solution, with the aid of 
a current of air. They are separated on a Buchner 
funnel, where they can be readily counted. The method 
is so successful and the numbers of insects isolated are so 
greatly above those separated by other methods that 
on comparison can be made between them. 


Mode of action of insecticides 

Since the early classical work of Shafer (kc. c»<,) this 
aspect of the subject has been an attraction to many 
workers but the pressure of more urgent practical 
problems has only allowed, so far, intermittent in- 
vestigations to be carried out. This partial neglect 
has been unfortunate. Shafer was aware of most of the 
factors involved— the importance of the surface tension 
of spray fluid, the relative thickness of the chitin, and 
the penetration through the tracheae. He considered 
that vapours of insecticides chiefly found access to some 
vulnerable part through the tracheae. He determined 
the changes in the respiratory ratio of the insect brought 
about by certain insecticides and states that they tend 
to prevent oxygen absorption by the tissues. Later 
he studied the effect on the enzyme system of the insect 
and summarised his results as follows : “ Several contact 
insecticides, when used at a concentration sufficient to 
kill insects, deleteriously affected the activities of re- 
ductases, catalases, oxidases, usually in unequal degree, 
thus disturbing the natural or normal balance of such 
activities,” Far-seeing too, he realised the importance 
of a study of the effect on nervous tissue cells but his 
researches unfortunately never seem to have been fully 
completed. 

The work done since may be grouped under the follow- 
ing headings : (a) how the contact insecticide enters the 
insect ; (6) the factors determining such entry ; (c) the 
relationship between chemical constitution and insecti- 
cidal action ; (d) the seat of toxic action ; (e) the eflect 
on vital processes and metabolic activities of the insect. 
Recent work has shown that many insecticides can 
penetrate directly through the insect integument (Hart- 
zell and Wilcoxon, Contr. Boyce Thompson Inst., 1932, 
4, 107 ; O’Kane at al, New Hamps. Agric. Tech. Bull, 
1933, No. 54 ; 1935, No. 63) and need not be taken m 
m mouthparts, spiracles, or anus, and this applies to 
compounds of quite varied constitution such as nicotine 
and white arsenic. It has been shown too that adsorp- 
tion phenomena may be of great importance in deter- 
mining the toxicity of a series of organic compounds to 
insects. In 1927 (J. Agric. Sci., 17, 183) it was pointed 
out by the author that adsorption was of importance in 
explaining the increase of toxicity with molecular weight 
in the case of vapours. Ferguson (Nature, 1936, 137, 
361) has also pointed out that the results obtained by 
Price for five chloroethylenes show that the increase in 
the logarithms of the median lethal dose is constant and 
is related linearly to the boiling point. He also suggests 
that the effect of substituent groups in a series of sub- 
stituted compounds may be purely a physical one by 
increasing the availability of the toxic grouping, possibly 
by increasing its adsorbability. True absolute toxicity, 
however, he believes to be determined by chemical con- 
stitution. O’Kane and his school (New Hamps. Agric. 
Tech. Bull, 1930, No. 39) have correlated the toxicity 
of nicotine, the fatty alcohols and acids with their surface 
activity. They have shown that the equation for the 
curve obtained for hexoic acid, when time to kill 60% 
of mosquito larvss was plotted against concentration, was 
practically identical in form with the Freundlioh adsorp* 
tion isotherm. In the case of the median lethal doses 
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of a homologous series of fatty alcohols a good fit was 
obtained by an equation similar in form to that of 
Freundlich, embodying Traube’s law which expresses 
the increasing tendency towards adsorption with in- 
creasing len^ of carbon chain. Bliss (Ann. Appl. 
Biol, considers that his log concen- 

tration probit transformation is consistent with an 
adsorption basis for toxicity, but that the Langmuir 
expression is preferable to that of Freundlich. 

There is evidence to show that compounds in a mole- 
cular state are more toxic than their corresponding ions 
and also that they penetrate more readily. Hoskins 
(J. Econ. Entom., 1932, 25, 1212) has reached the con- 
clusion, based on the examination of the toxicity of 
sodium arsenite at different pn values, that concentration 
at the interface, t.e., adsorption, is undoubtedly a step 
to penetration and that it seems more probable that 
tflxic action takes place within the organism {e.g., by 
interfering with ite oxidation-reduction mechanism) 
Tather than on its surface. For optically active insecti- 
cides, e.g., nicotine, the tolylpyrrolidines, the nomico- 
tines, it luis still to be shown whether the greater toxicity 
of one of the isomerides can be accounted for on such 
physical grounds. It should also be borne in mind that 
a serious loss of insecticidal activity may result on slight 
chemical change. An investigation, therefore, of the 
basis of chemical interaction with cell constituents, 


which GuUand (Biochem. J., 1932, 26, 32 ; 1935, 29, 397) 
has applied to spermicidal eihciency, appears a funda- 
mental line of attack which needs exploration in oui 
field of enquiry. Cushny (“Biological Relations of 
Optically Active Isomeric Substances,” 1926 ; Bailliere, 
Tindall and Cox, p. 74), although dealing with a very 
different field of work, offers guiding suggestions of value. 
The following seem of importance in determining the 
toxicity of chemical compounds to insects : (1) the 
configuration of the whole molecule, the influence of 
which may be physical rather than chemical ; (2) the 
presence of particular radicals the influence of which 
may be both chemical and physical— chemical as increas- 
ing reactivity, physical through such factors as solu- 
bility in tissue fluids, or as inducing orientation by polar 
groups and thus increasing adsorbability and probably 
penetration; (3) space arrangement, as determining 
the combination with some receptor. There is a good 
deal to learn before chemical constitution can be related 
with insecticidal effect, for it entails a correlation with 
many varied physiological reactions within the insect. 
Cushny believed that in his field of enquiry the methods 
were those of the chemist rather than of the biologist. 
In our field it means collaboration between the two. 
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MODERN DEVELOPMENTS IN RESEARCH QN INSECTICIDES. 
PART II. INSECTICIDAL PLANT PRODUCTS* 

By I. T. MARTIN 


An account has been given in Part I of the recent 
work that has been carried out on insecticidal products 
ill the inorganic and synthetic fields, together with a 
brief resume of the main methods in use for the biological 
evaluation of such materials. There remain certain 
plant products, on which research is still actively in 
progress. Nicotine and anabasine have already been 
dealt with, and to these no further reference will be made. 
Of the large group of plants collectively referred to as 
the fish-poisoning group, derris of the Far East and 
cube of ^uth America are the most important members, 
whilst the flowers of insecticidal pyrethrm {Chrysan- 
themum dneraricefolium) are extensively used. The 
plants to which reference will be made, the localities 
from which they are obtained, and their native names 
are given in Table I. 


Brazil. It is possible that m time, the Haiari plants of 
British Guiana, of which the white haiari is conspecific 
with L nicou, will become of economic importance, but 
at present the roots in general are somewhat inferior 
to those of cub4. Table II demonstrates the extent 
of the exportation of derris from Malaya up to 1935 
(Malayan Agric. Stat., 1935). 

Table II 


Exports of derris root from Malaya 


Year 

Tons 

Value, $ 

1930 

90 

88,176 

1931 

98 

53,633 

1932 

210 

92,334 

1933 

642 

282,795 

1934 

602 

333,520 

1935 

787 

527,623 


Fiflti-poison plants— 

Ikrris {Degwlia) (root) 

lAmchocarpus (root) 


Tephrosia ((kaeta) (root) 


AfuN(2uiea {bark) 

„ (leaves) 

Pyrethrum— 

ChrymtUhemum eineraricefolium 


Table 1 


I), elliptica 
IK nuUaccensis 
“ Sumatra-type ” doms 
L. nicou 
L nicou 

L. nicou (.'') 

T. marropoda 
T. toxicaria 
T. vogdii 

T. virginiana 

M, swirroM 
M. suberosa 


.Malay States 


Peru 

British Guiana 

Brazil 

Natal 

Tropical S. America 

Africa 

Texas 

Central Africa 
India 


Japan 

Dalmatia 

Kenya 

France 


(Tuba) 


Cube, barbasco 

Haiari 

Timb6 


The fish-poison plants 

The use of plants for the catching of fish has been 
known for many centuries, and the habit has been wide- 
spread in the East Indies, South America, India, and 
tropical Africa. It is of interest to note that the fish- 
poisoning plants which also possess insecticidal pro- 
perties belong to the Leguminosss. The use of Derris 
elliptica as an insecticide was first proposed by Oxley 
in 1848 in connexion with nutmeg cultivation. In recent 
years the cultivation of derris on a large scale has taken 
place in the East Indies, the most important centre 
being Malaya, whilst Lonchocarpus niem is now being 
extensively grown for insecticidal purposes in Peru and 

* Read before a Joint Meeting of the London Section and the 
rood Group on Deoenber 7, 1936. 


The roots are usually received in this country com- 
pressed into bales, and in such a condition, accurate 
sampling is rendered difficult. Samples should, there- 
fore. be taken of the mixed, finely-ground material. 

Recently Georgi (Malayan Agric. J., 1936, 24, 268) 
has shown that manuring increases the yield but has 
little effect on the toxic quality of derris root. 

The chief active principle, rotenone, was first isolated 
in 1895 by Geoffroy from RoHnia (Lonchocarpus) nicou, 
and was named by him “ nicouline.” Ishikawa showed 
that the product, termed by him “tubatoxin,” waa 
optically active, whilst Kariyone demonstrated that i| 
contained methoxyl and could be reduced to a dihydrot 
derivative. The empirical formula now accepted fof 
rotenone, Cj3H220«, was first proposed in 1928, and frool 



o&watdB, the work of LaForge, Haller, and 
p in America, Takei in Japan, Bntenandt in Ger- 

e ft and Alexander Robertson in England, led to the 
dation of the structural formula: 


Toxicarol was also shown to have a similar genera 
structural relationship to rotenone, and in 1982 {ibid,, 
2537) Clark suggested the following skeleton formula : 

OMc 

OH 


CH,‘CH-CMe:CH, 

The credit for the final elucidation of the structure of 
‘otenone rests with the American workers, although 
Robertson in this country arrived at the correct solution 
it about the same time. For the detailed account of 
he methods employed in the determination of the 
otenone structure reference should be made to the 
>aper by LaForge, Haller, and Smith in Chemical 
leviews, 1933, 12, 181 . Rotenone gives rise to a number 
if derivatives, of which perhaps the most important are 
lihydrorotenone, formed by saturation of the benzfuran 
raction of the molecule, and dehydrorotenone, a yellow 
ompound formed by the introduction of an oxygen 
,tom on to the a- or p-carbon atom, followed by 
limination of water. Dihydrorotenone is of interest in 
hat it is more stable than rotenone, and shows some- 
what higher insecticidal activity. 

It has long been known that derris extracts containing 
ittle or no rotenone may be highly insecticidal. By 
ireating the rotenone-free derris resin in alcoholic solu- 
;ion with alkali, Clark (Science, 1930, 71, 396) obtained 
hree crystalline substances allied to rotenone. These 
vere : (1) deguelin, obtained as pale green crystals, m.p. 
71®, empirical formula C23H22O0 and therefore isomeric 
with rotenone ; (2) toxicarol, m.p. 218—220®, empirical 
brmula C23H22O7, and containing one hydroxyl and two 
methoxyl groups ; (3) a substance, m.p. 198®, and prob- 
pbly a constituent of the “tephrosin” isolated by 
pianriot in an impure state fi'om Tephmia vogelii in 
Il907. Clark {he. cit.) showed that the yields of these 
isubstances from derris root may be high compared with 
|that of rotenone, and concluded that they play a part 
in the insecticidal action of the root. In 1930 he showed 
(J. Amer. Chem. Soc., 52, 2461) that both deguelm and 
tephrosin were constituents of the South American 
Tephrosk toxicaria, and determined their relative toxic 
properties to fish. Deguelin was shown to be somewhat 
more active than toxicarol. Clark later found {ibid., 
1931, 53, 313) that the deguelin, as isolated, was optic- 
aiy inactive, but stated that it may have occurred in 
the root in the optically active state. 

Clark proceeded with work on the constitution of 
deguelin, and showed its general similarity in structure 
lo iotenone by the separation of derivatives {ibid., 2007, 
2369) that had been obtained earlier by LaForge, Haller, 
[and Smith in their work on rotenone. In 1932 he showed 
1932,54, 3000) that deguelin differed from rotenone 
oidyinthe benzfuran fraction of the molecule, an unsatu- 
rated fyian ring taking the place of the five-membered 
riwg in ri^none. 

, — 0 — rivr„ 


Later, Robertson (J.C.S., 1935, 681) proposed two 
alternatives for the structure of toxicarol : 

OMe 




,C(X 2.’^/CH:CH 


0 I I 


Toxicarol is thus shown to be possibly a hydroxy- 
deguelin. Tephrosin and an isomeride, wotephrosin, 
have been isolated from the reactions involving the 
formation of dohydrodeguelin from deguelin. The 
tephrosins, which show a complicated isomerism, are 
hydroxy-derivatives of deguelin and are thought to be 
formed in the process of extraction. 

Chemical evaluation of derris root 

The first chemical method for the evaluation of derris 
was proposed in 1923 by Tattersfield and Roach (Ami. 
Appl. Biol., 10, 1—17), who determined the amount of 
material extracted by ether, and assessed its genuineness 
as a measure of the active principles by its methoxyl 
content. They found with three samples of D. elliptica 
that the amount of ether extract bore a close relationship 
to the toxicity of the roots to silkworms. Toxicarol, 
however, has approximately the same methoxyl content 
as rotenone, but a much lower insecticidal activity. 
Davidson in 1930 (J. Econ. Entom., 23, 877) tested the 
relative activities to Aphis rumicis of the isolated 
crystalline products. They were : rotenone : deguelin : 
tephrosin : toxicarol :: 400 : 40 : 10 : 1, and these ratios 
were obtained by Shepard and Campbell {ibid., 1932, 
25, 142) when the four compounds were tested as 
stomach poisons against silkworms. Davidson concluded 
that the rotenone content was the most importaiit 
criterion for the evaluation of any sample, and added 
that, unless occurring in unusually high content, the 
other three constituents would not substantially affect 
the insecticidal quality of the root. In the light of recent 
knowledge this proved to be an unfortunate generalisa- 
tion, in that undue prominence was given to the rotenone 
content of derris as a basis of evaluation. 

The dehrmimtm of rofenone.— In 1931, Roark (Soap, 
7, No. 3, 97) outlined a method for the deterwiwation 


of rotenone based on the separation of the compound 
from an ether solution of the derris resin. This was 
superseded by the method of Jones in 1933 (Ind. Eng. 
Chem. [Anal], 5, 23), who extracted the powdered root 
material with carbon tetrachloride and concentrated the 
extract to a small bulk, when rotenone separated as 
crystals containing one molecule of solvent of crystal- 
lisation. A portion of the product was recrystallised 
from amyl acetate, and the identity of the product 
checked by its melting point. 

It was found that by this method resins which had 
yielded no rotenone by separation from ether contained 
in fact appreciable amounts. Jones stated that the 
method was applicable to the analysis of roots contain- 
ing more than 0*3% of rotenone. He determined the 
solubility of pure rotenone in carbon tetrachloride as 
0-6 g. per 100 c.c. at 20“. It is likely, however, that 
the solubility of rotenone in the mother-liquor is in- 
creased by the presence of resinous material, and may 
lead to some loss of the rotenone complex. C. D. V. 
Georgi in 1933, in a publication from Malaya (Dept. 
Agric. 8.S. & F.M.S., Sci. Ser. No. 12), utilised the 
separation of the carbon tetrachloride complex from 
the derris resin, and incorporated a recrystallisation 
from hot alcohol to determine the purity of the product. 
An allowance was made for the solubility of the rotenone 
in the alcohol used (0'2 g. per 100 c.c. at 20“), but 
recognition was again made of a possible source of loss 
due to the enhanced solubility of rotenone in alcohol 
containing non-crystallisable derris resin. Georgi prefers 
to call the product calculated from the rotenone-carbon 
tetrachloride complex “ crude rotenone," reserving the 
term “ rotenone " for the recrystallised product. In our 
work at Rothamsted, in view of the possibility of decom- 
position of the rotenone due to the high boding tempera- 
ture of carbon tetrachloride, we have used ether as 
ixtractaut, with separation of the carbon tetrachloride 
complex from the resin, followed by recrystallisation of 
the complex from absolute alcohol (Ann. Appl. Biol, 
1935 , 22, 578). 

0. R. Koolhaas (Bull. Jard. Bot. Buitenzorg, 1932, 
12, 563) extracts the powdered root with ether, and, 
with the aid of a centrifuge, estimates the rotenone 
separating from the concentrated ether solution. The 
purity of the product is determined by its melting point, 
and an allowance made for occluded impurities. He 
states that the rotenone content should be the principal 
criterion in the judgment of derris roots. 

Cahn and Boam in 1935 (J.S.C.I., 54 , 37 t), in a 
t^ritical investigation of the Jones principle for the 
separation of rotenone, prefer to use trichloroethylene 
as extractant of the dried plant material, stating that 
the use of this solvent considerably reduces the time of 
operation. In addition, the rotenone appears to be less 
liable to degradation when boiled with this solvent. The 
solvent is removed and the resin is dissolved in two 
parts of warm carbon tetrachloride saturated with 
rotenone at room temperature. After keeping overnight, 
ihe crystals are separated, washed with carbon tetra- 
chloride saturated with rotenone, and weighed. The 
purification of the product is effected by trituration with 
five parts of alcohol saturated with rotenone. 

From time to time reports have been made of the 


existence of derris roots which, although toxic, yieldedi 
no rotenone by the normal method of separation of thJ 
carbon tetrachloride complex. They are further charac^ 
terised by their high content of toxicarol and have beeit 
designated by Cahn (loc. cit.) as the “ Sumatra-type 
roots. He has shown, however, that rotenone may exist 
in such a root in a “ hidden " form, and modification of 
his method may be made to meet this contingency. We 
have recently shown at Rothamsted (Ann. Appl Biol, 
1936, 23 , 880) that preliminary removal of the toxicar<^ 
enables the rotenone present to separate readily from a 
carbon tetrachloride solution of the residual resin. Of 
the methods available for the determination of rotenone 
that of Cahn and Boam appears to be the most useful 
on account of its rapidity and applicability to all the 
economic types of derris. 

In the years 1933 and 1934 further evidence was forth- 
coming to show that rotenone-free derris resins could 
still have a high insecticidal action. Takei (Ber., 1933, 
66, 1826) showed the non-crystallisable fraction to be 
approximately as toxic to mud-fish as rotenone itself. 
Jones (J. Boon. Entom., 1933, 26 , 451) found that a 
derris resin containing about 25% of rotenone was ae 
toxic as pure rotenone when tested against mosquito 
larvae. 

In view of these and their own observations Campbell 
and hie co-workers (Soap, 1934, 10, No. 3, 81) agatn 
suggested the possibility of the use of the methoxyl 
content as a means of evaluation, in preference to the 
rotenone content. Speculations were made as to the 
possible changes which the isolat^ed deguelin and toxi- 
carol had undergone in the process of extraction, since, 
as shown earlier, these crystalline compounds showed 
relatively little toxicity. Clark had, indeed, referred it 
1931 and 1932 (J. Amer. Chem. Soc., 53, 313 ; 54 , 2537) 
to the possibility of the occurrence of these compounds 
in the resins in some form of combination, or in the 
optically active state. As isolated, they are optically in- 
active, whereas rotenone is laivorotatory. For the 
isolation of the deguelin and toxicarol, the action of 
concentrated alkali was necessary and it was thought 
that this procedure may have brought about some change. 
Takei in 1933 (Ber., 66, 1826) reported the isolation of 
optically active deguelin, melting at 166° and with 
[a]J —23°, but Haller and LaForge (J. Amer. Chem 
Soc., 1934, 56 , 2415) considered the product to be optic 
ally inactive deguelin contaminated with a small quantity 
of rotenone. Haller and LaForge succeeded in preparing 
optically active dihydrodeguelin from a light petroleum 
extract of derris, and this derivative has recently beer 
shown by Fink and Haller (J. Econ. Entom., 1936, 29 . 
594) to possess a higher toxicity to mosquito larvse that 
optically inactive dihydrodeguelin. If the toxicity o: 
optically active deguelin exceeds that of the inactive 
compound to the same extent, then the active deguelin. 
which Haller and LaForge have shown probably to occur 
in derris resins, may be assumed to contribute in nu 
small measure to the insecticidal action of the root. 
For further discussion on this point reference should be 
made to a recent paper by R. S. Cahn (J.S.C.I., 1936, 55, 
269 T). 

In 1935, Jones, Campbell, and Sullivan (J. Ecoip 
Entom., 28, 285) determined the toxicity to house 



of deiriB, cub4, haiari, and tephiosia roots, 
am indeavonrod to correlate the ejects observed with 
[bile results of chemical examination. The amounts of 
#enone present were insufficient to account for the 
B&d Sects, whilst the determination of the combined 
otenone and deguelin expressed the relative activities of 
ome of the roots, but not all. The methoxyl contents of 
be resins, after corrections had been made for the 
mounts of toxicarol present, gave better assessments, 
lecently Hoyer and Leonard (£ap, 1936, 12, No. 3, 109) 
lave recognised the part played by the noncrystallisable 
onstituents in their suggestion that an “ index of rela* 
ive toxicity ” be used, whilst Jones and Smith (M., 
Jo. 6, 113) have suggested that a definite proportion of 
he non-rotenone fraction of the resin be taken in con- 
unction with the rotenone content, as an assessment 
f toxicity.* 

In work at Rothamsted (Ann. Appl. Biol., 1935, 22, 
•78) on the chemical evaluation of rotenone-bearing 
ilants, we first compared, chemically and biologically, 
uthenticated roots of Derm dliptica and D. makccensis 
^en two samples of the same species of derris were 
ompared, the determination of rotenone, ether extract 
r methoxyl content gave fairly good indications of their 
elative activities of Aphis rumids. When, however, 

sample of D. dliptica was compared with a D. mal- 
ccensis, widely discrepant assessments resulted, the 
). malaccensis roots being more toxic than their rotenone 
lontents alone would have led us to expect. When 
estimates were made, by the separation of the dehydro- 
lerivatives, of the combined rotenone and deguelin 
present, much better assessments of the relative activi- 
ties of the roots were obtained. 

I In later work (ibid., 1936, 23, 880) a specimen of the 
‘ Sumatra-type ” root of Cahn and Boam was incor- 
porated in our tests. It was characterised by the in- 
ability of the rotenone to separate directly from a carbon 
tetrachloride solution of its resin, and by its high toxi- 
carol content. The “ Sumatra-type ” root was compared 
in turn with a specimen of D. malaccensis and a D. 
dliptica. The chemical characteristics of the three types 
are given in Table III. 


Table III 

% root 



Sumaira- 

D. mcdac- 

D. ellip- 


type 

censis 

tica 

Total ether extract 

18-3 

18'6 

17-6 

Rotenone 

0*6 

1'8 

4*0 

Rotenone plus deguelin* 

31 

8'2 

14-9 

Toxicarol* 

11‘9 

7-3 

M 


* Based on methoxyl contents of fractions. 


The roots contained approximately the same amounts 
of resin, but the proportion of rotenone to total ether 
extract was greater in the D. dliptica than in the 
D. malaccensis, and in comparisons of authenticated 
specimens of these two species we have found this 
usually to be the case 

The large amount of toxicarol in the “ Sumatra-type ” 

* Since this paper was sent to the press, Worsley has pub- 
lished details of methods for the determination of rotenone 
(J.S.r.L, 1936, 66, 349 t) and for the evaluation of plants con- 
taining rotenone {ibid., 1937, 66, 16 t). 


root invalidated the determination of the dehydro- 
compounds as a means of evaluating all three roots. 
When, however, the toxicarol was removed from the 
Sumatra and D. makccensis roots, the estimates obtained 
of the rotenone and deguelin undervalued the toxicities. 
It was clear that the toxicarol, as it existed in the resin, 
was playing some part in the toxic make-up of the roots. 
If the concentrations used in the biological tests were 
expressed on a basis of rotenone plus deguelin plus 
approximately one tenth of the content of toxicarol, the 
toxicity lines (probits plotted against the logarithms of 
the concentrations) were almost coincident. More work 
is needed, however, on the exact parts played by the 
naturally occurring toxicarol and deguelin. 

We later succeeded in isolating a crystalline, optically 
active compound from which a high yield of optically 
inactive toxicarol could be obtained by treatment of an 
alcoholic solution with alkali. This substance showed an 
insecticidal action to Aphis rumids approximately one 
tenth that of rotenone, a figure agreeing well with the 
empirical value taken in determining the probit-log 
concentration regression lines. Inactive toxicarol de- 
rived from it showed little or no toxicity. When the 
substance was dissolved in benzene, it was found to have 
a laevorotation of [a]" —65°. If a small amount of 
caustic potash in methyl alcohol was added, the sign of 
rotation changed instantaneously. The dextrorotation 
then declined with time. The rate of decline was found 
to be less dependent on the amount of alkali added than 
on the amount of alcohol present. This effect was seen 
in similar treatment of the “ Sumatra ” and D. makc- 
censis resins, containing toxicarol, but was not obtained 
with the resin of D. elliptica, which contained but little 
toxicarol. Such an effect may have resulted in the earlier 
separation of the non-toxic, optically inactive derivatives 
of derris resins. 

Buckley, in Malaya, has also utilised the separation of 
toxicarol from ether solutions in work on “ Sumatra- 
type ” derris, D. malaccensis, and D. elliptica, and con- 
cludes that the different varieties of derris may roughly 
be differentiated by their rotenone and ether extract 
contents atid by the response of ether solutions of their 
resins to alkali treatment (J.S.C.I., 1936, 55, 285 t). 

In our work, we have not been able to find a correla- 
tion between optical rotation of the resins and their 
biological activity. The rotations placed the roots in 
their correct toxic order, but the relationship was not 
quantitative (Ann. Appl. Biol., 1936, 23, 899). While 
much progress has been made, the possibility of the 
chemical evaluation of derris on a sound basis fe 
dependent on more exact knowledge of the forms in 
which the toxic principles occur in the root and of their 
activities relative to that of rotenone. 

The loss of activity of derris. —Vfe have shown (ibid., 
880) that if powdered derris is stored for some years in 
tins under dry, cool conditions, no loss of rotenone 
results. On exposure to sun and ultra-violet light, 
rotenone gives rise to yellow derivatives, of much 
reduced activity. Jones and his co-workers (J. Econ. 
Entom., 1933, 26, 451) conclude that a thin layer of 
rotenone exposed to light for 10 days would probably 
lose its activity completely, and this fact is ukely to 
limit the use of rotenone as a stomach poison. 


Although some insects are immune to its efPect«, 
denis has a large range of applicability as an insecticide. 
It need only be mentioned here that the root has been 
usefully employed by Steer at East Mailing against the 
raspbeny beetle, wlulst its success in the control of the 
warble fly has culminated in a recent order by the 
Ministry of Agriculture (J. Min. Agric., 1936, 42, 1185), 
by which farmers are required to dress their cattle each 
spring. 

In recent physiological work, Tlschler ( J. Econ. Entoni., 
1935, 28, 215) concludes that derris acts primarily by 
deranging the respiratory functions of insects in such a 
way that oxygen utilisation by the tissue cells is greatly 
inlubited. 

In South America, species of Lonchocarpm have in 
recent years been found to be powerful insecticides and 
to contain rotenone. The first of these to be discovered 
to have insecticidal properties were the haiari plants of 
British Guiana, shortly to be followed by cub6 from Peru 
and timbo from Brasil. Cube (L nicou) had long been 
used as a fish poison. Since it is rich in rotenone, some 
specimens ranging as high as 11%, -the cultivation of this 
plant for export as an insecticide is being encouraged 
and an embargo has been placed on the exportation of 
living specimens. L urucu is also found in Peru, but is 
reported as not being so valuable. Tirnbo, a darker 
coloured root, is also coming on to the world s markets 
and isolated specimens rich in rotenone have been 
reported, but, as with derris, variations in quality are 
found. Cube and timbo are likely to prove active com- 
petitors of derris root, and are being exported in increas- 
ing quantities, particularly to California and certain 
European markets. Nevertheless, the authorities in 
Malaya and Java have not been idle and by scientific 
plant selection, varieties of derris have b(*en produced 
containing very high quantities of both rotenone and 
ether extractives. The prospects therefore are that we 
shall see a steady improvement in ijuality of all these 
roots. 

Tephrosia and Mundidea specie*. -From Tephrosia 
imropoda of Natal we have recently separated 0-3— 
0*4% of rotenone, while other insecticidal principles are 
undoubtedly present. We have found (Ann. Appl. Biol., 
1926, 13, 424) the roots of Tephmia toxmria from South 
America and the leaves and seeds of T. vogdii to be toxic 
to insects {ibid., 1925, 12, 61). A plant recently sent 
to us from the British Solomon Islands, and thought to 
he a species of derris, also possessed leaves with insecti- 
cidal activity. Rotenone has been found in small amounts 
ill two other species of Tephmia {virginiana and latidem) 
occurring in the United States. 

Mundnka sttberosa.- -Worsley {ibid., 1936, 23, 311) has 
recently found the bark of M. subema in East Africa 
to be as toxic to insects as locally grown derris root con- 
taining 5*4% of rotenone. The seeds were also active 
hut to a less extent, Tattersfield and Gimingham in 1932 
W., 19, 253) reported the stems, seeds, and pods of a 
‘Specimen of M. svberosa from India to be toxic, whilst 
recently a plant of the same species, received by us 
Indifti poB66S86(i l6ftV6s witli flrppr6ciftbl6 ins6ctici(i&l 
action. 

The activities of these lesser known members of the 
fieh-poisoning group may be enhanced by selection and 


by other means, but with the possible exception of the | 
East African Mundulea, they can hardly be said to : 
warrant cultivation for exprt purposes, but may prove 
of value for the control of local insect pests. 

Pyrethrum {Chrysanthemum dneraricefolium) 

The use of pyrethrum flowers for insecticidal purposes 
originated in Persia and was introduced into Europe 
early in the 19th century. About 1840, C. cineraricB- 
folium was first produced in Dalmatia, and superseded 
the less active Persian species, C. roseum and C. cameum. 
Later, in 1896, Japan began the extensive production 
of pyrethrum flowers and, during the world war, secured 
a monopoly which she still retains. The flowers have 
recently been cultivated on a large scale in Kenya 
Colony. 

The extent of the recent production of the flowers in 
Yugo.slavia, Japan, and Kenya is given in Table IV. 

Table IV 


Production, in tons, of pyrethrum fiowers 



Yugoslavia 

Japan 

Kenya 

1930 

1090 

7166 


1931 

606 

5560 


1932 

524 

6000 

— 

1933 

798 

6400 

_ 

1934 

7.54 

7930 

41 

19,3.5 

_ 

12,748 

253 

1936 up to Sept. 30th 

— 

— 

673 


It is thought that the production in Kenya for the 
whole of 1936 will be in the region of 1000 tons. 

Hoyer in June, 1936 (J. Econ. Entom., 29, 605), 
reported the Kenya flowers to be richer than those from 
Japan or Dalmatia. 

The active principles of pyrethrum.- The researches of 
Staudinger and Ruzicka published in 1924 (Helv. Chim. 
Acta, 7, 177) resulted in the separation and determina- 
tion of the structure of two toxic substances, termed by 
them pyrethrins I and II. They are esters of a cyclic 
ketone, pyrethrolone, and two acids, termed chrysan- 
themum-mono- and -di-carboxylic acids. In pyrethrin 
II, the second acid grouping is methylated. 

Pyrethrin 1 : 

GH-CH:CMe, 

/\ I >CHeH,l'H:e:CHMe 

C’Mej-CH-CO-O-CH CO 

Pyrethrin II : 

CH-CH:CMe'CO,Me CHj-CHMe 
/\ I >CH'CHj'CH:C:CKMe 

CMt*,-0H-CO*O CH CO 

Pyrethrolone is a colourless Imvorotatory oil insoluble 
in water, but miscible with alcohol, ether, and benzene, 
b.p. 111-112° at 0-05 mm. 

Chrysanthemum-monocarboxylic acid is a colourless 
liquid, boiling at 135° at 12 mm., insoluble in water, 
soluble in light petroleum, and volatile in steam. 

The second acid, the dicarboxylic acid fraction of the 
pyrethrin II molecule, is a solid, m.p. 164°, with empirical 
formula CiqHi 404. It is non-volatile in steam. 

Recently LaForge and Haller (J. Amer. Chem. Soc., 
1936,58, 1061, 1777) have re-opened the question of the 
nature of the side-chain in pyrethrolone. They find that 


tlMikydiopTr^^ may be converted into a com- 
pIMid ide^cal with dihydiojasmone, and ascribe to 
Ipethrolone the structure : 

0H,*0Me 

I >r-CH:CH*CH:CHMe 
0H*CH~^0 

The mixed pyrethrins may be isolated in the pure state 
by physical means, Wilcoxon and Hartzell (Contr. Boyce 
iThompson Inst., 1933, 5, 115) employing repeated extrac- 
Itions with light petroleum and methyl alcohol. Eipert 
(Compt. rend., 1935, 200, 2219 ; Ann. Falsif., 1936,29, 
132) has separated them by a fractional crystallisation, at 
low temperatures, from light petroleum solution. LaForge 
and Haller (J. Amer. Chem. Soc., 1935, 57, 1893) have 
utilised fractionation between light petroleum and acetic 
acid in the separation of pure pyrethrin 11. 

The determination of the active pnwcipics.— Many 
methods have been devised depending on the reducing 
action of the pyrethrolone, or on the determination of 
the pyrethrin acids. The most widely used reduction 
method is that of Gnadinger (ibid., 1929, 51, 3054), who 
determines the reduction of an alkaline copper solution 
colorimetrically. Tatu (Parfumerie modeme, 1930, 24, 
607) and Baupp (Apoth.-Ztg., 1935, 75, 216) have modi- 
fied the Gnadinger method and determine the extent of 
reduction volumetrically. Staudinger and Harder (Ann. 
Acad. Sci. Fennicse, 1927, A, 29, No. 18, 1) estimated the 
pyrethrins by the determination of the acids, but their 
method requires a large ‘amount of material. It was 
modified by Tattersfield in 1929 (J. Agric. Sci., 19, 266) 
and revised in 1931 (ibid., 21, 115), We have shown 
(M., 1931, 21, 115) that over a wide range of samples, 
the results by the Gnadinger and Tattersfield methods 
show good agreement, and this has been confirmed by 
Hartzell and Wilcoxon (Contr. Boyce Thompson Inst., 
1932, 4, 107). Seil (Soap, 1934, 10, No. 5, 89 ; Chcm. 
Trade J., 1934, 95, 168) has devised a modification of the 
Tattersfield method more suitable to works practice, 
but Gnadinger (Soap, 1934, 10, No. 9, 89) finds that the 
Seil method tends to give slightly higher figures for the 
total pyrethrins than his own. 

Eipert (Ann. Falsif., 1934, 27, 580 ; 1935, 28, 27) 
determines the total pyrethrin acids, separates the 
volatile acid, and obtains the pyrethrin II acid by 
difference. Haller and Acree (Ind. Eng. Chem. [Anal.], 
1935, 7, 343) have proposed an alternative method for 


Tattersfield in 1931 (Ann. Appl. Biol, 18 , 602) traced 
the development of the poisons as the Wess matured, 
and found a maximum content when the heads were 
fully open ; this has also been shown by other workers. 
The belief that the immature flowers were the most 
valuable was previously held. The poisons were found 
to be located to a great extent in the ovaries of the 
flowers. It was also shown that the poison content could 
not be influenced by manuring, whilst other experiments 
at Eothamsted showed the necessity of a dormant period 
for the normal flowering of the plant (ibid., 1934, 21, 
670, 682). 

The relative toxicities of pyrethrin I and //.—Staudinger 
and Euzicka considered pyrethrin I to be more toxic 
than pyrethrin 11 to roaches, whilst Tattersfield and his 
associates (J. Agric. Sci., 1929, 19, 266) found pyrethrin I 
to be approximately ten times as toxic as 11 to Aphis 
rumicis. Gnadinger and Corl (J. Amer. Chem. Soc., 1929, 
51, 3054 ; 1930, 52, 3300), in work on roaches, found 
pyrethrin I to be slightly more active than II, whilst 
Wilcoxon and Hartzell (Contr. Boyce Thompson Inst., 

1933, 5, 115), working again with aphids, supported 
Tattersfield’s contention that pyrethrin I was much 
more active than II. Eipert and Gaudin (Compt. rend., 
1935, 200, 2219 ; Ann. Falsif., 1936, 29, 132) show that 
on injection into frogs, pyrethrin 11 is slightly more toxic 
than 1, but that against insects pyrethrin I has the 
greater activity. The position has been clarified by 
the recent work of Hartzell and Wilcoxon (Contr. Boyce 
Thompson Inst., 1936, 8, 183) using extracts rich in 
P 3 n‘ethrin I or II on Aphis rumicis and house flies. 
They find that the relative activities of the two com- 
pounds may be influenced by the mode of application. 
When the pyrethrin II was applied in true solution in a 
miscible oil (penetrol), its activity approached that of 
pyrethrin 1 applied in the same way. When used in 
aqueous sprays, with the pyrethrins thrown out of 
solution, the activity of the pyrethrin II was consider- 
ably lower than that of the pyrethrin I. The physical 
condition of the pyrethrins at the time of application 
may thus be a determining factor in the relative activities 
found. 

of actirnty of pyrethrum.— It has been known foi 
many years that on storage the flowers gradually lose 
their activity. Tattersfield (J. Agric. Sci., 1932, 22, 396 , 

1934, 24, 598) found that if an extract of the flowers. 


pyrethrin II based on the determination of the methoxyl 
group. They state that, in general, the results for 
pyrethrin II are lower than those by the Tattersfield or 
Seil methods. 

More recently, Wilcoxon (Contr. Boyce Thompson 
Inst., 1936, 8, 175) has published a further method for 
pyrethrin I, based on the action of the monocarboxylic 
acid on Denigos’ reagent. 

Gnadinger and Corl (J. Amtr. Chem. Soc., 1930, 52, 
3300) show that the determinations of the total pyrethrins 
by their method will assess the toxicity of the flowers, 
whilst Tattersfield (J. Agric. Sci., 1929, 19, 266) and 
Eichardson (J. Econ. Entom., 1931, 24, 1098) have 
indicated that the determination of pyrethrin I may be 
sufficient for this purpose. In addition, both Tattersfield 
and Gnadinger have ^own that their methods will detect 
deterioration of the flowers on exposure or storage. 


spread on talc or other finely divided inert material, 
was exposed to sun or artificial light, the activity wa.'' 
rapidly lost. Both light and air were necessary for the 
inactivation, since pyrethrum-talc preparations exposed 
to air in the dark, or to nitrogen in sunlight, lost their 
activities much less readily. The incorporation of certain 
antioxidants such as pyrocatechol, resorcinol, quinol, 
pyrogallol, and tannic acid conferred a measure of pro- 
tection against inactivation. Alcoholic and petroleum 
extracts were found to be more stable than had generally 
been supposed (Ann. Appl. Biol, 1931, 18 , 203). Gnad- 
inger (Ind. Eng. Chem., 1932, 24 , 901) also found a loes 
in activity of 30% when ground flowers were stored m 
closed containers for one year. Eipert, however (Ann- 
Falsif., 1934, 27, 680 ; 1936,28, 27), believes the lorn 
activity to be due not so much to the decomposition 
of the pyrethrins, but to the mechanical coating of 



active principles by oxidised acids, rendering them 
insoluble in light petroleum. Gnadinger believes that the 
pyrethrins, on inactivation, form resinous compounds 
insoluble in light petroleum, thus accounting for the 
ability of the analytical methods to detect deterioration. 

In the commercial manufacture of extracts, ethylene 
dichloride has been found to be the most useful solvent, 
whilst antioxidants substituted o*dihydroxy> 
benzenes, aminoanthraquinones) are incorporated for 
their stabilisation. 

Pyrethrum flowers are used to a large extent in house- 
hold sprays, particularly in America, it being customary 
jiow to incorporate a derris extract as well. Large 
quantities are used in the preparation of livestock sprays 
{e.g., control of stable fly) and as horticultural dusts and 
Hprays. In Germany, forest pests have been treated by 
means of pyrethrum-talc dusts applied by means of 
aeroplanes, and this method of distribution of pyrethrum 
dusts on a large scale has been used in the United States. 

The mode of application of insecticides may have a 
profound effect on their toxicities, as seen in the work of 
Hartzell on the pyrethrins. In Kenya, LePelley (Bull. 
Eiitom. Res., 1933, 24, 1) has secured satisfactory control 
of Antestia and Lygus pests on coffee by the use of 
atomised para&i extracts of pyrethrum, but found 
aqueous emulsions to be of little value. 


Potter has recently shown (Ann. Appl. Biol, 1935, 22, 
769) that a good control of the warehouse pests Ephestia 
elvidla and PMia inkrpuncklla may be achieved by 
the atomisation of a pyrethrum extract in white oil. 
Under such treatment, food warehouses which a few 
years ago were heavily infested have been largely freed 
from the pests. 

Action of the pyrethrins on the insect.— h. contrast to 
the action of rotenone, which brings about a gradual 
paralysis of the insect, the action of pyrethrum is rapid. 
Hartzell and Wilcoxon (Contr. Boyce Thompson Inst., 
1932, 4, 107 ; 1933, 5, 115) found that pyrethrin pre- 
parations placed on the integument of insects removed 
from the spiracles or other body openings, caused death. 
The penetration of the integument was observed by 
adding a dye to the concentrate. It is believed that the 
poisons are then carried to the nerve ganglia in solution 
in the body fluid. D.‘ath was found to be due to the 
destruction of the cells of the central nervous system, 
accompanied by paralysis. Insects killed by administra- 
tion of rotenone did not show the typical nerve lesions 
produced by pyrethrum. 
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THE ARTIFICIAL DRYING OF PYRETHRUM FLOWERS 

By S. G. Jary, B.A., 

Entomologist, Smith-Eastern Agricultural College, Wye, 
and 

J. T. Martin, Pli.D., and F. Tattersfield, D.Sc., 

Rothamsted Experimental Station, Harpenden, Herts. 


Introduction. 

With the more extensive cultivation of Pyrethrum, Chrysanthemum cinerariaefolium 
in recent years, the problem of drying the flowers to such a condition that they are 
suitable for transport and storage, has assumed considerable importance. A large 
proportion of the flowers used for the purpose of preparing insecticidal extracts or 
powders, has formerly been dried to such a condition merely by exposure to the air, 
in thin layers, or, under favourable conditions, to direct sun. Much space and labour 
is necessary to deal with flowers in this way and the method can hardly be regarded as 
satisfactory except where only .small quantities are handled or wliere very favourable 
weather conditions prevail. Moreover, it is not certain that such methods of drying 
result in the retention of the maximum ])vrethrin content for, in the case of hops, it 
appears that when they are dried at room temperature, the a resin content is inferior 
to that obtained when comparable samples are dried artificially (Burgess 1931). From 
the point of view alone, however, of handling a large bulk t>f flowers, there are obvious 
advantages to be gained from some form of artificial drying of Pyrethrum and the 
question at once arises as to what temperature may safely be emplo\’ed in such a process. 

For some years past, an half acre plot of Pyrethrum has been grown at Wye for 
the purpose of making observations on the cultivation and harvesting of the crop 
(Jary 1936). Crops of up to 22 cwt. of fresh flowers have been obtained from this plot 
and throughout the period of seven years during which it was continued, the whole 
bulk of flowers was dried on a hop kiln. This proved very suitable for the purpose 
but it was not possible to carry out critical exj)eriments relating to the optimum drying 
temperature. Originally a kiln of the “ open lire " type was used, in which drying was 
done by means of an air current, from a fire on an open hearth, ascending through a 
layer of flowers on the drying floor above. In 1934 a newer type of kiln became available, 
which employs a forced draught of air. This is produced by a large fan and led through 
steam-heated radiator blocks before pas.sing up to the drying floor. Whereas in the 
older type of kiln the temperature was controllable only within very wide limits, in 
the newer type it could be maintained accurately within a few degrees of any desired 
point. The new kiln was however far too costly to operate for experimental samples, 
but a smaller one, operating on a similar principal and used for experimental work 
on hops became available. I'his kiln was designed by Mr. A. H. Burgess of the Hop 
Research Department, South-Eastern Agricultural Coliege, and we are greatly indebted 
to him for placing it at our disposal. A scale drawing and brief description of this 
kiln are given below (p. no). 
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Object and Scope of Experiment. 

In drying flowers on the larger kilns, some arbitrary temperature had to be aimed 
at and there was little evidence to show what was best in this respect. Consequently 
the kiln was operated at a temperature approximately the same as the maximum 
employed in hop drying, 140° F, to 150° F. Judging from the pyrethrin content of 
flowers dried under these temperature conditions (Jary 1936) very little if any reduction 
seems to have been brought about, though no air-dried controls were retained to check 
this. It was decided, however, when the small experimental kiln became available, 
to dry comparable samples over a range of temperatures and the |)oints 45'' C. (i 13° F.) ; 
52'’ C. (126° F.) ; 60° C. (140° F.) ; 68° C. (154° F.) and 75° C. (167° F.) were fixed for 
the })urpose. 

Harvesting of Samples. 

It has been shown (Gnaclinger, 1936 ; Ripert, 1935 ; and Tattersfield, 1931) that 
the pyrethrin content of flowers reaches a maximum at a period immediately preceding 
the formation ol seed. After fertilization, the weight of the flower head rapidly 
increases without any corresponding increase in the amount of pyrethrins so that, thougli 
the ac'tual amount of pyrethrins remains ap{)roximatelv the same, the percentage by 
weight raf)idly falls as seed-formation progresses. It is therefore generally accepted 
that the optimum time for harvesting is reached w'hen the flowers are fully open but 
the formation of seed has not proceeded to an appreciable extent, this stage being attained 
when about one-lialf to two-thirds of the disc florets are open. 

W'hen j)lants are grown from seed taken at random from a number of parent plants, 
it is always found that the jirogeny vary considerably in type, size and w'eight of flower, 
j)VTcthrin content and the time at which the bulk of flowers are o])en. In such a popula- 
tion, flowers continue to come to maturity over several days and there is normally a 
period of about ten days following the fjpening of the first flowers before any large 
proj>ortion of them l)ecomc “ overblown The })h)ts from which flow(‘rs were gathered 
for the ex])eriment here described, possessed a miscellaneous population of this kind 
and were a series of six jilots raised from seed selected from six parents (Jary, 1936). 
It was known that roughly two-thirds of the plants in each plot conformed to one parent 
ty[>e, tlie remainder resembling those of the other five. As there was (jiu' plot of each 
tyj)c, the whole six, considered as a .single unit, contained about the same number 
of plants of each. In order to overcome errors due to the slightly earlier flowering 
of any one type, jiicking was not commenced until all the jilants were well in flower 
and then any “overblown” flowers were discarded. When picking the samples, only 
those flowers in the optimum stage of development were taken. Each flower was picked 
individually by hand and approximately the same quantity was taken from each of the 
six plots at every picking. That such differences as might have existed in the pyrethrin 
content of the various types of flowers were overcome by the precautions, is evident 
from the figures shown in Table II for the air-dried samples. 

Sampling. 

About 20 lb. of fresh flowers were picked for each drying test. They were spread 
out thinly on a large sheet, very thorouglily mixed together by hand and finally quartered. 
Two separate quarters were taken at random, one-half of the flowers being placed 
immediately on the kiln and the other spread out to air-dr}\ 
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The Experimental Kiln, 

Fig. I represents a diagrammatic front 
view of the kiln used, drawn to the scale of 
i in. to I foot. It is of square section, 
with an internal measurement of 2 ft. by 2 
ft. The walls are composed of a hard 
asbestos composition board, the inner wall 
being about J in. thick and the outer about 
I in. thick. The space between the walls is 
packed with slag wool to minimise loss of 
heat. The whole kiln stands on a concrete 
base and the flue at the top is built into the 
side of a chimney. The small uppermost 
door is situated in a part of the flue which 
has a cross section of one-quarter of a 
square foot so that, if the linear rate of air 
flow be measured and the time is known, 
the total volume of air passing through the 
kiln can be calculated readily. The upper 
door in the main body of the kiln admits of 
loading and unloading flowers, the slatted 
drying floor being situated immediately 
below it. A thermometer occupies a 
position just beneath the drying floor. The 
lowermost door gives access to the fire, in 
this case, a series of gas burners, and two 
air ducts enter at this level. These connect 
with the housing of an electric fan bringing 
in air at room temperature and the opening 
of each air duct may be regulated by 
means of a slide. 

Kiln-drying Technique. 

The drying floor of the kiln was 
covered with a layer of cheesecloth and on 
this the flowers were placed to an even depth 
of about in. No preliminary drying of 
the flowers had taken place and the kiln 
drying was commenced within half-an-hour 
of picking. The kiln had previously been 
regulated to work at the required tempera- 
ture and the fan set to give the necessary 
air-speed. Immediately the flowers were 
spread, the door was closed and not re- 
opened for a few hours, when a few flowers 
from various positions in the layer were 
examined. When it was estimated that 
about another hour would complete the 
drying, the flowers were turned by hand to 
ensure even drying but this was probably 
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not necessary in so thin a layer. As a criterion of the final dry condition, the ease 
with which flowers broke under slight pressure was taken, the following method being 
employed for determining this point : a flower with the disc uppermost was held 
between the thumbs and forefingers of both hands and a slight outward and down- 
ward pressure exerted with the thumbs. In dry flowers the achenes readily broke 
away at the bases, but, if still not dry, they bent over and did not separate. Drying 
was carried on until, in a sample of flowers drawn from various parts of the layer, all 
responded to this test. The flowers were then at once removed from the kiln, allowed 
to cool for a few minutes and then packed in stout paper bags, the tops of which were 
loosely folded. 

The temperature of the kiln was maintained by means of a number of gas rings 
and burners placed on the floor inside the bottom door and the number employed varied 
with the temperature required. Thermostatic control was not fitted to the kiln, but the 
temperature was regulated without much difficulty by adjustment of screw clips on the 
rubber gas leads. Once set, only slight and gradual fluctuation of temperature occurred 
and by occasional reference to the thermometer, this was quickly observed and rectified. 
In practice, the temperature did not vary more than 2° C. from the required point. 

The dates of harvesting, the temperatures of the kiln, periods required for drying 
and the rate of air flow through the kiln, are shown in Table II. 

Atr-drying Teciinique. 

As soon as a sample of flowers was placed on the kiln, the corresponding control 
sample was laid out to dry at air temperature. A long storage room was used for this 
puiqwse, through which a slow air current was maintained by means of a window at each 

Table I. 

Maximum and Minimum Temperatures for room in which samples were air-dried. 


Date. 

Max. "F 

Min. °F. 

June 24 

7S 

— 

25 

77 

— 

2 i > 

77 ‘ 

64 

27 

06 1 

, 60 

2 S 

72 

‘ 61 

29 

77 

64 

30 

08 

62 

July I 


O2 

2 

1 09 

01 

3 

' t >3 

Oo 

4 

00 

02 

5 

77 


0 

! 77 

64 

7 

: 7 » 

00 

8 

74 

59 

9 


02 

10 

1 (»3 * 

56 

II 

! 64 

56 

12 

1 08 

: 37 

^3 

64 

60 

14 

69 

60 

15 

68 

60 

16 

65 

59 
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end. No direct sunlight fell upon the flowers. Each sample of flowers was placed on a 
flannel sheet, supported upon a layer of wire netting raised about i8 in. above the 
floor so that there was good ventilation all round the flowers. In all the air-dried 
samples the flowers were placed in a single layer only and they were arranged along the 
room so that all were subjected to comparable drying conditions. When finally dry, 
the flowers were packed into bags similar to those used for the kiln-dried samples. The 
maximum and minimum temperatures recorded in the room for the period of drying 
are shown in Table I. 

Analytical Results. 

The analyses were carried out during August I 93 ^^ flowers being quartered 
and one-half finely ground immediately before analysis and placed in tins with lever 
lids. There was little or no possibility of their deterioration on storage before analysis. 
The Seil (1934), Wilcoxon (1936) and Haller (1935) methods were employed. In the 
two first-named methods, the free acids were removed by extraction of the petroleum 
ether solutions with o-i N. aqueous potash. In the Wilcoxon method, the precise 
limits given by him for carrying out the method were not exactly complied with, as the 
samples were riclier in pyretlirins than expected. The figures obtained by this method 
are not given in Table II for this reason, but in each case the pyrethrin i content was 
appreciably higher than that shown by the Scil method. The relative differences 
between the kiln-dried Pyrethrum and its air-dried control for each test, were, however, 
of the same order. The figures for the Haller method are given in Table 1 1 as they confirm 
previous findings for the kiln-drying effect on the apparent pyrethrin 2 content as 
determined by this method. The Haller techinque shows an apparent increase in 
pyrethrin 2 content in the kiln-dried samples over the air-dried samples for all tem})era- 
tures used. We arc unable to correlate this effect with the temj)eratures of the kiln 

Table II. 

Analytical restdh from Pyrethrum flowers dried at different temperatures. 



Method of drying 
and temperature 
of kiln. 

Time 
(hrs ) 

Moibture 

content 

O' 

/O 

On dry matteir basis. 

Date. 

Seil method. 

Haller method 
Pyrethrin 2 

0/ 

/O 


Pyrethrin i 

0/ 

/o 

Pyrethrin 2 

0/ 

/o 

June 26 

Air-dned 

- 

7.8 

0^75 

0*79 

0*69 

June 26 

45° C. (113“ F.) 

21 

7-5 

0*71 

0 - 7 . 

0-84 

June 30 

Air-dried 

— 

9-6 

o*8o 

0*74 

0*67 

June 30 

52° C. (126" F ) 

TO 

8-6 , 

0-78 

0-74 

0*82 

June 24 1 

Air-dried 

— 

8*1 

0*70 

0-70 

0*72 

June 24 

60“ C. (140" F.) 

b\ 

8-6 

0-74 

0-75 

0-89 

July 2 

Air-dried 

— - 

7.9 

0-86 

0-79 

0*74 

July 2 

C. ( 154 ^’ F.) 

5 l 

8-1 

0*75 

o-f >3 

0-78 

June 28 

Air-dried 

_ 

7.7 

0*76 

0*75 

0*67 

June 28 

75° C. (167° F.) 

3 i 

8-0 

0-68 

0-67 

o*8o 


All the samples were of good colour. 

Air speed through kiln 36*6 linear feet per minute in all cases. 



or the time taken in the process of drying. Also, when the pyrethrin 2 contents, as 
determined in the air-dried samples by the Haller and Sell methods are compared, it 
is found that the Haller method gives somewhat lower results, whereas for the kiln- 
dried samples the figures are uniformly higher. We can only conclude that the Haller 
method is invalidated for the determination of pyrethrin 2 in kiln-dried samples but 
we are unable to offer any explanation of this curious effect. It is, however, very unlikely 
that it is due to the absorption of products of combustion of the coal-gas used in the 
drying process. 

Discussion of Results. 

In discussing the results given in Table II, it is necessary to point out that a certain 
allowance has to be made for sampling error. Under the conditions of the experiment, 
this could not be estimated, but small differences in the determination of the pyrethrins 
may be due to this cause rather than to the method of drying and, in the case of the 
kiln-dried samples, where the pyrethrin 2 content does not fall pari passu with the 
pyrethrin i content when compared with the air-dried control, we have regarded sampling 
error as the responsible factor. Thus, for the material kiln-dried at 52° C. (126° F.), 
there is a small loss of pyrethrin i but none of pyrethrin 2 and this is ascribed to sampling 
error as is the rise in pyrethrin i content for the sample kiln-dried at 60° C. (140° F.). 

The results in Table II indicate two effects, one due to the temperature and the 
other to the time of drying. In the sample kiln-dried at 45° C. (113° F.), 21 hours was 
taken in the process. There is a slight loss of both pyrethrins i and 2, which is probably 
significant. Such loss can hardly be ascribed to the temperature of the kiln, apart from 
the time taken in the process of drying, for samples dried at higher temperatures, 
52“ C. (lib*" F.) and 60” C. (140^ F.), for shorter times, do not show the same degree of 
i(jss. There is a distinct loss of pyrethrins in the samples dried at 68° C. (154° F.) and 
75° C. (167° F.) and, as the time of drying was relatively short, the loss in these cases 
must be ascribed to the temperature used. The samples dried at 52° C. (126° F.) and 
60° C. (140° F.) are not significantly different in p\Tethrin content from their respective 
air-dried controls and we consider that temperatures of this order may be regarded 
as comparatively safe for drying Pyrethrum flowers by the kiln method, but the data 
show that temperatures above 60° C. (140° F.), may possibly result in loss of activity. 

Becklcy (1936) and Beckley and McNaughton (1937) have published reports on 
their experiments in drying Pyrethrum flowers in Kenya. As far as can be judged from 
the data pre.sented, their conclusions do not differ greatly from those we would draw 
from our experiments, except that, in our case, we did not find flowers off-coloured as 
a result of kiln-drying. 

Beckley states that there is no appreciable loss, if any, in pyrethrin content, when 
drying is carried out at 50° (122° F.). The loss is small but appreciable at 60° C. 
(140° F.) and increases with rise of temperature. He recommends that an effective 
temperature of 54° C. (129° F.) should not be exceeded. Our experiments would indicate 
that this temperature, 54° 0.-55° 0 . (129° F.-i3i° F.) is near an optimum for purposes 
of drying Pyrethrum flowers and if it errs at all does so on the safe side. 

Beckley also points out that rapid drying in the early stages may prolong the process 
and give rise to an unevenly dried product, through the case-hardening of the achenes. 
He suggests that it would be better to commence drying the flowers at a temperature 
not above 40° C. (104° F.) and that when the flowers have wilted the temperature may 
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be raised to 6o° C. (140° F,). It is of interest to note that a very similar practice is 
followed in drying hops in England, but for other reasons (Burgess, 1933). The difficulty 
observed by Beckley was not met with in our experiments, but it is impossible to say, 
from his published data, in what way his drying process may have differed from ours. 
It should be borne in mind that the initial evaporation of water from wet flowers would 
lower the temperature of the air in immediate contact with them. In addition, our 
experiment was carried out on a relatively small scale and if drying is done on a larger 
scale, the possibility of too high an initial temperature giving rise to uneven drying 
should be taken into account. 


Summary. 

An experiment is described on the artificial drying of Pyrethrum flowers at different 
temperatures. The apparatus used is described and the pyrethrin content of the kiln- 
dried flowers given for comparison with their air-dried controls. 

There is a loss of pyrethrins in the sample dried at 45® C. (113® F.) for 21 hours 
and in those dried at 68° C. (154° F.) and 75° C. (167° F.) for sf and hours respectively. 
There is little or no loss of pyrethrins in samples dried at temperatures of 52° C. (126° F.) 
and 60° C. (140° F.) when comparisons are made with their air-dried controls. 
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I. INTRODUCTION 

In a previous paper (2) descriptions were given of two plant viruses, 
Hyoscyamus virus II and Hyosoyamus virus III, obtained from Henbane 
{Hyoscyamus niger) which is grown by Messrs William Ransome and Son, 
Limited, Hitchin, for the manufacture of pharmaceutical preparations. 
Both viruses were found to be transmissible by the aphis Myzus persicae 
Sulz. They had similar physical properties and host range, but Hy. Ill 
caused a more severe disease than Hy. II. This suggested that they might 
be strains of the same virus. It was found later, however, that Hy. II 
wouldinfect potatoes whereas Hy. Ill would not, and Hy. II was identified 
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by K. M. Smith as a strain of potato virus Y ( 3 ). Hy. Ill does not appear 
to be closely related to either Hy. II or potato virus F, because inoculation 
of a plant with either of the two less virulent viruses v^l not “protect” 
against inoculation with Hy. III. 

Hyoscyamus plots were kept under observation for 2 or 3 years and 
it became obvious that the presence of these two viruses in some years 
caused serious loss in yield. Attempts to check the spread of similar 
viruses in other crops, e.g. potatoes, by controlling the aphis vectors are 
reported to have been unsuccessful, but there were some peculiarities 
about the cultivation of Hyoscyamus which suggested that such measures 
might be more successful on this crop. 

Hyoscyamus is a biennial, and crops are taken from the same plants 
in 2 consecutive years. Messrs Ransome sow it as a rule in October in 
plots of about 6 acres. Generally two such plots are sown in each year, 
one at the Hitchin farm and one at Meppershall 1 1 miles away. The plants 
appear above ground in late April or May and grow in rosette form until 
July when a leaf crop is taken. During this period they are particularly 
susceptible to infestation with Myzus persicae, A second crop is taken 
from the same plants in September of the first year. New growth begins 
in March of the following year and a third crop is taken in May or early 
June. In good years, which are probably years when virus infection is 
low, a separate flower crop is taken. Virus infected plants flower late 
and have few flowers. The plants are then ploughed in and followed by 
cereals, sainfoin or roots. Potatoes were formerly used as a rotation crop, 
but this practice has been discontinued owing to danger of virus in- 
fection. The cropping was arranged so that in each of the two fields there 
was one plot of Hyoscyamus in its first year, one in its second and one 
under the rotation crop. 

Since the time of maximum aphis infestation occurs generally in 
June or July (Davies (i)) the period before the first cutting is probably 
of greatest importance. By the time the second growth has appeared in 
the first year the aphis infestation is over, and in the second year the 
crop is generally cut before any infection received in that year has had 
time to reduce the yield. On the other hand, the two cuttings in the 
first year serve to spread the virus mechanically so that any infection 
introduced in the first period is intensified in the third crop which is the 
heaviest in yield. 

It therefore seemed practicable, and possibly economic, to increase 
the chance of successful insect control by concentrating control measures 
on the first 2 or 3 months of growth. 
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Attempts were also made to find out whether the efiect of spraying 
was particularly large for any period of growth, either when the plants 
were unusually susceptible, or when aphis infestation was at its maximum. 
This might enable the spraying period to be reduced still further. 


11. METHODS 

With Messrs Ransome’s permission and co-operation, part of the 
Hyoscyamm plots on the Meppershall farm were laid out as spraying 
experiments for the 2 consecutive years, 1934 and 1935. Observations 
were also made on the 1935 and 1936 harvests of these two experiments. 
The aim was to find out the effect, on virus infestation and crop yield, of 
spraying once weekly for the whole period preceding the first harvest 
and also weekly in May, June and July separately. 

A knapsack sprayer was used, of 3 gall, working capacity. The 3 gall, 
of solution contained 20 c.c. of 95 per cent commercial nicotine and | lb. 
green soft soap made up in rainwater. The plants were sprayed on both 
sides of each row and the insides of the guard rows (see below) were also 
sprayed. From 1 to 2 gall, were used per plot according to size of 
plants. 

In the field it is often difficult to distinguish between the symptoms 
caused by Hy. II and Hy. Ill viruses because they vary with the length 
of time the plants liave been infected. The only certain method of 
identification is to compare them in experimental plants. By these 
means it has been found that Hy. II is very much more common in the 
field than Hy. Ill although, as can be seen by the following figures, 
Hy. Ill is the more infectious, both by mechanical and by insect inocu- 
lations: 


No. of starch lesions obUiined by mechanical inocnilation on 
op])osite half-leaves of tobacco plants. Extracts from plants of’ 
siime ago, and given identical treatments 
Perc*entage infection obtained by means of Myzus persiaie in 
identical experiments 


/Hy. 11, 6,3S9 
\Hy. Ill, 12,324 

/Hy. 11, 1()1% 
tHy. 111,31-9% 


As the method of inoculation of samples from the field was found to 
be inadetjuate for estimation of total infection it has not been practicable 
to distinguish between the two viruses in these observations. 

Because of differences in the topography of the plots and in the dates 
of germination the design and treatments differed in the 2 years during 
which spraying experiments were carried out. They will therefore be 
discussed separately. 
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III. EXPERIMENT 1, 1934-5 
A. Arrangement and treatments 

Meppershall farm is part of a shallow valley lying east and west. 
The Hyoscyamus plot sown in October 1933 was a rectangle of about 
5 acres. It was situated on the north side of the valley so that the 
ground rose slightly towards the north. 

Exp. I was laid out in the south-east corner of this Hyoscyamus plot 
and took the form of a 5 x 5 Latin square with arrangement and treat- 
ments as in Fig. 1. The portion selected for the experiment appeared to 
be fairly uniform as far as plant growth was concerned. 


A =110 spraying 
B= sprayed weekly in May 
C=Bprayed weekly in June 
D= sprayed weekly in July 
E= sprayed every week 

Fig. 1. Arrangement and treatments in Exp. 1. 

Each experimental plot was 10 yd. long and 10 rows wide, the rows 
spaced 33 in. apart. Two rows, and a width of 1 yd. across the rows, were 
left as a guard between the plots. Without the guard rows the area 
covered by the experiment was roughly half an acre. 

B. Results 
(1) Duration of spraying 

The plants appeared above ground during the first week in May and 
spraying was started immediately, although no aphides were observed 
on the plants. Spraying ceased 1 week before the first harvest, the last 
spraying date being 20 July. 

(2) Observations y 1934 {first-year crop) 

(a) Aphis counts. 

Weekly observations, immediately before spraying, were made of the 
numbers of adults and nymphs of Myzus persicae on 10 plants selected 
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at random from each plot, 250 in all, during the last 4 weeks of spraying. 
The first aphides were observed on the plants on 22 June, but counts 
were not made until 6 July. The results of the four weekly counts made 
in July are given in Table I. 

Table I 


Counts of infested phnts, adult aphides and nymphs, Exp, 1, 1934, 
(Numbers per pht, i,e, 10 plants) 



Date of 
obser- 
vations 

Treatments (mean of 5 plots) 

A 

A BODE 

S.B. 

Mean 

Plants infested (out 

6 July 

6-2 

4*6 

2*2 

3*2 

3*0 

± 0*78 

3*84 

of 10) 

13 

8-0 

8*6 

7*6 

6*2 

4*2 

± 0*47 

6*92 


20 „ 

8-4 

7*4 

8*0 

6*0 

5*2 

i 0*42 

7*00 


27 „ 

100 

10*0 

9*8 

8*4 

7*4 

± 0*58 

9*12 


Mean 

8-07 

7*31 

6*90 

5*95 

4*95 

± 0*304 

6*63 

No. of adult aphides 

0 July 

11-8 

8*6 

2*4 

9*0 

3*8 

± 1*54 

7*12 

(l)er 10 plants) 

13 .. 

23-2 

23*4 

9*8 

8*2 

6*8 

± 3*49 

14*28 

20 

48-8 

170 

20*8 

8*6 

6*8 

± 8*80 

20*40 


27 

74-8 

49*8 

44*0 

15*4 

11*2 

± 7*67 

39*04 


Mean 

39*65 

24*72 

19*25 

10*30 

7*15 

± 3*727 

20*21 

Nynijjhs (jjer 10 

6 July 

23-6 

21*0 

2*8 

4*0 

2*6 

± 5*88 

10*80 

plants) 

13 „ 

71 0 

80*0 

50*6 

44*4 

.33*0 

± 10*26 

55*80 

20 „ 

54*0 

53*6 

33*0 

23*2 

10*2 

t 1,3*82 

34*80 


27 „ 

175*2 

115*4 

75*4 

37*4 

31*4 

± 23*00 

80*76 


Mean 

64*76 

56*00 

35*96 

21*80 

15*44 

±15*746 

36*43 


At each weekly count the sprayed plots gave smaller numbers of 
aphides and fewer plants infested than the unsprayed plots. The differ- 
ences between spraying every week (E) and spraying only in July (D) 
and also between spraying only in June (C) and spraying in July were 
not significant for all occasions, but E, D and C were all significantly 
below the no-spray level, except in the nymph counts when only the 
difference between A and E was significant. The numbers found on plots 
sprayed only in July (B) were not significantly different from A or C but 
appeared to be intermediate. 

(6) Estimation of virus infection. 

On 29 July, 1 week after the last spraying date and about 3 days 
before cropping, an attempt was made to estimate the percentage of 
virus infection. Ten plants were selected at random from each plot, 
giving 250 samples in all. A few leaves from each were preserved in 
individual numbered envelopes. They were macerated separately in 
small mortars, the ground glass pestles of which were used to rub the 
extracts into the leaves of healthy tobacco plants. 

Only 2*5 per cent of the test tobaccos became systemically infected, 
though the percentage of infection in the field had appeared to be fairly 
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high. It was not, however, until the following year that a possible 
source of error was discovered, and by this time it could not be checked 
by field observations. Using exactly the same technique in 1936 it was 
found that although most of the leaves inoculated with infected juice 
from the field showed local necrotic lesions 2 or 3 days before the appear- 
ance of any systemic symptoms, systemic symptoms actually appeared on 
only a very low percentage of the test plants. It is possible that necrotic 
lesions were also formed on the plants inoculated in 1936; and as local 
lesions were not expected from Hy. II and Hy. Ill inoculations their 
appearance had been overlooked, so that only the small proportion of 
systemic infections were regarded as positive. Otherwise it would have 
to be supposed that a very large increase in percentage infection took 
place between July 1934 and June 1935 when there was 68-4 per cent 
infection. Also the spread of virus infection during the remaining 
months of 1934 must have taken place within the individual plots, since 
there is a significant difference for treatments in the 1935 yield (see p. 563), 
which could not be attributed to the effect of 2*5 per cent infection. 

(c) Yield. 

No estimate of crop yield was made for the 1934 crop of Exp. 1. 


(3) ObsermtionSy 1935 {secorid'year crop) 

(a) Aphis counts. 

The first counts in 1935 were made on 100 plants selected at random. 
Altogether 18 adults and 44 nymplis were found, so that this apparently 
represented the beginning of the infestation. Further counts were made 
on 250 plants on 18 May when the total liad risen to 270 adults and 
1360 nymphs. There were no differences in aphis numbers between the 
1935 treatments. 


(b) Estimation of trims infection. 

Inoculations were made from 250 leaf samples collected on 12 June, 
the date of cropping. The following numbers of test plants were infected: 


A. No spray 

B. Sprayed weekly in May 

0. „ June 

1). „ July 

E. Hprayed every week 

Total 


Plants 

Infected 

Infection 

% 

00 

28 

56 

50 

as 

76 

50 

31 

61 

50 

19 

38 

50 

30 

60 

260 

146 

58*4 


There were no significant differences between treatments and no 
indication of correlation between percentage infection and yield. This 
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suggests that either the method of estimating percentage infection was 
not sufficiently accurate, or, as aphides were present on the plants from 
10 May onwards till cropping time on 12 June, uncontrolled spread of 
virus infection may have taken place during this period. According 
to the findings for Exp. 2 (see p. 568) this would not necessarily affect the 
yield. 

(c) Yield. 

The crop was harvested on 12 June, which was unusually late. The 
total yield of about 3 tons per acre was rather above the average. 

Estimates were made of the yield from the experimental plots by 
weighing 1 yd. lengths selected at random from each row of each plot, as 
there were no facilities for weighing the total produce of each plot. As 
the rows were 10 yd. long this gave the weight of one-tenth of the total 
yield. The results are given in Table 11. 

of rmv 
Total 
1144 


12(K) 


982 


1145 


1037 

Total 1035 1005 1002 1092 1284 5508 


Treatments 


Treatment totals 

A 

974 

B 

974 

C 

1204 

J) * 
1090 

E 

1266 

S.E, 

Oz. por 10 yd. length 
of row 

194-8 

194-8 

240-8 

218 

253-2 


Cwt. per acre 

57*4 

57*4 

70-9 

64-2 

74-6 

i 3-74 


The plots which wore sprayed every week (E) gnvc 17*2 ±5*27 rwt. 
per acre more than the unaprayed (A). This represents an increase of 


Table II 

YieM> of Exp. 1, 1935, in oz. per 10 yd. length 


A 

179 


0 

232 


B 

171 


1 ) 

201 


E 

252 


D 

253 


A 

224 


E 

183 


B 

197 


C 

238 


C 

201 


E 

260 


D 

170 


A 

188 


B 

183 


E 

277 


B 

189 


A 

190 


0 

265 


D 

171 


B 

234 


D 

295 


C 

268 


E 

294 


A 

193 
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about 30 per cent. Plots sprayed only in June (C) gave an increase of 
13*6 ±6*27 which is just significantly above A, but not significantly 
different from D (sprayed only in July). 

IV. EXPERIMENT 2. 1936-6 
A. Arrangement and treatments 

Exp. 2 was part of a narrow strip of Hyoscyamus situated at the east 
end of the Meppershall valley and separated from the 1934 plots by a 
500 yd. belt of barley and oats. The total area was only 2 acres and it 
was arranged in 21 long rows so that the site was not suitable for a 
Latin Square arrangement. The experiment was therefore arranged in 


V A=no8pray 

B^8|)rayed fortnightly in June or 
G- sprayed weekly in June 
D - sprayed weekly in July 
E~ sprayed weekly in June and July 


Homan numerals - blocks 


II 


Fig, 2. Arrangement and treatments in Exp. 2. 




Marion A. Watson 


665 


randomized blocks each plot being 12 yd. long and 8 rows wide, so that 
the area covered was about the same as in Exp. 1. The remaining rows 
were used as guards, and spaces were also left across the rows between 
the plots. The slope of the ground was considerably steeper than on the 
1934 site, and appeared to have an effect upon the germination rates. 
All the plants germinated late, the first appearing during the last week 
in May. No spraying was therefore possible in May, so the plots laid out 
for May spraying (B) were given fortnightly spraying throughout June 
and July instead. 

The treatments and arrangement are shown in Fig. 2. 

B. Results 
(1) Duration of spraying 

Germination was later than in 1934 and was also irregular. Blocks I 
and II and the lower ends of blocks III and IV were ready for spraying 
on 30 May, whereas block V did not appear above ground till the 
following week. Spraying was continued till 19 July. The B plots were 
first sprayed on 7 June. The inequality in plant size due to differences 
in germination date affected all the first year observations and these 
effects were reflected in those of the following year. 

(2) Observations^ 1935 {first-year crop) 

(a) Aphis counts. 

Counts were made in the same way as in 1934 but were started as 
soon as aphides appeared on the plants and continued weekly for 
9 weeks. Aphides appeared almost as soon as the plants were above 
ground, and were present on blocks I~IV before block V germinated. 
Counts were made on these four blocks on 31 May, when 200 plants 
were examined. Of these, 43 were sparsely infested with, altogether, 
24 adults and 41 nymphs. These counts are omitted from Table III in 
which the other results are given. 

Although the aphides appeared at an earlier date than in Exp. 1, 
and the numbers per plant were actually higher in the third week of 
June than in the corresponding period of the preceding year when 
infestation had only just started, the numbers did not increase to the 
same extent. It is possible that heavy rains which fell during this week 
made the plants unsuitable as food. The outer leaves, on which the 
aphides habitually feed, were found at this time to be very bedraggled 
and muddy. The inner leaves are sticky and hairy and aphides are rarely 
found on them. This caused a reduction in numbers between 21 and 
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28 June (see Table III) and a corresponding reduction in the peak 
infestation on 5 July. 

Table III 


Bate Treatments (means of 5 plots) Mean 



01 

count 

T" 

B 

C 

D 

A 

E 

S.E. 

plots 

Plants infested (out 

7 June 

50 


50 

4*4 

4-2 

i0*781 

4*95 

of 10) 

14 „ 

6-0 

3*8 

3-8 

5*2 

5'0 

±0*903 

4*88 

21 „ 

5-8 

J*2 

2-0 

54 

6>6 

±0*816 

4*65 


28 .. 

3-6 

4*4 

2-4 

34 

30 

±1*268 

3*48 


6 July 

8-6 

S2 

6*6 

04 

50 

±0*22 

6*16 


12 

40 

3*6 

4*4 

14 

3^8 

±1*076 

3*44 


19 .. 

4*6 

2^0 

3*4 

2'0 

20 

±0*542 

2*92 


26 „ 

2-4 

1*2 

2*2 

0>0 

2*2 

±0*161 

1*72 


Mean 

5-00 

3*67 

3*67 

3*67 

4*00 

±0*282 

3*98 

No, of adult aphides 

7 June 

5-2 

J4 

42 

3*0 

20 

±1*252 

3*56 

per plot (10 plants) 

14 

5-2 

20 

VO 

2*6 

5^0 

±1*623 

3*16 

21 

14-2 

J*« 

V4 

64 

00 

±2*560 

6*84 


28 „ 

2*4 

2*6 

VO 

2*8 

2*0 

±1*958 

2*28 


5 July 

9-6 

40 

3*6 

7-8 

4*0 

±1*529 

5*80 


12 

4*8 

2*8 

3-0 

VS 

3*0 

±1*083 

3*08 


19 „ 

3-4 

H 

30 

04 

VS 

±0*972 

2*40 


26 „ 

4-0 

0*8 

2*2 

04 

VO 

±0*187 

1*68 


Mean 

6-10 

2*32 

2*50 

3*15 

3*17 

±0*584 

3*44 

No. of nymphs i)er 

7 Juno 

12-6 

IS-S 

124 

15*0 

8*1 

H 3*650 

13*38 

plot (10 plants) 

14 „ 

18-0 

5*2 

44 

10*0 

18*8 

±4*702 

11*28 

21 

164 

/M 

00 

13*6 

7*8 

±3*456 

11*48 


28 „ 

64 

90 

M 

114 

84 

±2*933 

7*68 


r» July 

27-6 

74*4 

8*1 

154 

10*8 

±4*385 

15*20 


12 „ 

11-8 

60 

no 

30 

5*0 

i 4*151 

7*48 


19 „ 

no 

J-.V 

74 

5-2 

50 

±2*157 

7*00 


26 „ 

34 

3*2 

4*8 

24 

0*2 

±3*296 

4*00 


Moan 

13*57 

9*50 

7*10 

9*54 

8*91 

± 1*428 

9*736 


Italics = plots sprayed on this date. 


Most of the individual weekly counts show a reduction in aphis 
number and plant infestation due to spraying. This is not significant for 
all the individual weekly counts, but the totals for all occasions show 
significant differences between results from sprayed weekly, and nn- 
sprayed plots. There are no significant differences between the different 
spraying treatments. The decrease in accuracy from that of the previous 
results is probably due to the smaller numbers of aphides, and less 
efficient experimental design. The differences between blocks are not 
given in Table III, but there was a significantly greater number of 
aphides and higher plant infestation on plots at the lower end of the 
field (blocks I and II) than on those at the top (block V). 
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(b) Estimation of virus infection. 

As the inoculation method of virus estimation had not proved satis- 
factory, the estimates for Exp. 2 were made by observation in the field. 
Several independent observers took part in the survey which consisted 
in selecting at random 10 sections of 1 yd. length from the rows of each 
plot. The number of plants and the number of infected plants were 
recorded for each sample and some attempt was made to distinguish 
between ‘‘severe** and ordinary infection. This could not successfully 
differentiate between Hy. II and Hy. Ill, for in the field an Hy. II 
infection of long standing may cause symptoms as severe as those of 
more recent Hy. Ill, and apart from severity the symptoms are similar. 
The results of the survey are given in Table IV. 

Table IV 

Percentage infection, Exp, 2, 1935. Estitnaie^ from 
260 samples of 1 yd, length 
BlockB 


Treat- 


menta 


I 

11 

III 

IV 

V 

Total 

A 

No. of plontfl 

147 

128 

170 

143 

149 

737 


Moderate infection 

19 

30 

28 

17 

4 

98 


“ Severe” infection 

11 

6 

2 

6 

7 

30 


% infection 

204 

27-3 

17-7 

164 

74 

17-37* 

B 

No. of plants 

140 

127 

160 

168 

201 

782 


Mrxlerate infection 

30 

25 

23 

10 

4 

92 


“Severe infection 

2 

1 

4 

4 

0 

17 


% infection 

22-9 

20-5 

17*3 

8'9 

60 

13-94* 

C 

No. of plants 

140 

186 

136 

107 

210 

784 


Moderate infection 

20 

20 

19 

16 

3 

77 


“Severe” infection 

6 

4 

0 

3 

10 

23 


% infection 

18-6 

7-6 

14' 1 

10*8 

00 

12'70* 

D 

No. of plants 

148 

142 

168 

120 

147 

721 


Moderate infection 

21 

18 

11 

16 

10 

76 


“Severe” infection 

5 

7 

0 

1 

0 

19 


% infection 

17*0 

17*0 

10-8 

IM 

0-8 

1303* 

E 

No. of plantH 

130 

130 

202 

147 

109 

724 


Moderate infection 

10 

0 

13 

14 

2 

46 


“Severe” infection 

0 

0 

0 

2 

0 

14 


% infection 

12-3 

44 

94 

lO'O 

1*8 

6*77* 

Total 

No. of plants 

706 

719 

821 

081 

822 

3748 


No. of infections 

130 

110 

112 

80 

40 

490 


Mean % infection 

184 

161 

130 

12-3 

6'6 

1307 


♦ 8.E.=ril-913. 


The main treatment effect was again between the unsprayed plots (A) 
and those sprayed every week (E). The number of virus infected plants 
on the E plots was significantly below those for the other treatments. 
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Spraying in June and July (C and D) appeared to give a lower percentage 
infection than A but the difference is not quite significant. Fortnightly 
spraying (B) did not do much better than A. There was a definite 
difference between blocks; those at the lower end of the field had a 
higher percentage infection than those at the upper end. Thus there was 
agreement, for both blocks and treatments, between the estimated 
percentage infection and the aphis counts, which also showed an increase 
on the unsprayed plots and on the plots situated at the lower end of the 
field. 

(c) Yield. 

The yield for 1935 was obtained by weighing each plot as a whole, 
as the weights were within the scope of a portable balance. The results 
are given in Table V. 


Table V 

Weights in lb. per plot 

Treatments 


Blocks 

A 

B 

0 

D 

K 

Total 

I 

129 

149^ 

llOi 

148 

145} 

682} 

II 

118| 

108 

104i 

123 

80} 

541 

III 

112^ 

102 

95 

109 

125} 

544} 

IV 

89| 

83, 

86 

82} 

89} 

431 

V 


83 

05 

71 

06 

351 

Totol 

Slf) 

527 r 

461 

533} 

513 

2560 


No difference was found between the weifijhts of differently treated 
plots, but there was a very large difference between the different blocks, 
presumably due to the later germination of the plants on blocks IV 
and V (see p. 665). However, as the heaviest aphis infestation was found 
on blocks I and II, which also had the highest percentage infection, there 
exists the apparent anomaly that aphis infestation, percentage infection, 
and yield are all positively correlated. This does not apply to the treat- 
ment totals, for which there is no indication of correlation. 

Presumably blocks I and II had the highest percentage virus infection 
because these plants germinated first and became infested with aphides 
before those of block V. They were larger for the same reason. As the 
infestation was of comparatively short duration over the whole experi- 
ment, the infections were too recent at the time of cropping, to have any 
effect on the yield. 

Yield, therefore, was only affect^cd by position on the field, and the 
effect is shown in the differences between the block totals. 
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(3) Observations^ 1936 {second-year crop) 

{a) Aphis counts. 

No aphides were found on the plants at the time of cropping?, 28 May 
1936. 

(b) Estimation of virus infection. 

The percentage infection was estimated in the same way as in 1935. 
No distinction was made between “severe’' and ordinary infection, 
because the symptoms were much more varied than in the previous year 
and it was unsatisfactory to use even an arbitrary classification. The 
range was so wide that it was often impossible to decide wliether a plant 
was virus infected or merely senescent, and many possible infections 
were not recorded. 

It seems, therefore, that neither of the methods used for virus 
estimation was entirely satisfactory though in all probability the in- 
fections observed in 1936 were, in fact, those responsible for the re- 
duction in yield as the correlation between percentage infection and 
yield was significant. In Exp. I, percentage infection as estimated in 
1934 and 1935 bore no relation to yield. 

The results of the 1936 survey are given in Table VI. 

Table VI 

Percentage infecHon, Exp. 2, 1936. Estim/ited from 
250 samples of 1 yd. le)\gth 

Blocks 


Trcat- 


incntH 


I 

11 

III 

IV 

V 

Total 

A 

No. of plants 

m 

oo 

125 

82 

88 

444 


Infectctl 

27 

20 

20 

19 

23 

115 


% infection 

30-3 

43-3 

10-0 

23-2 

23-1 

25-90* 

B 

No. of plants 

125 

93 

119 

101 

132 

570 


Infect-cfl plante 

29 

21 

15 

10 

32 

113 


% infec'tion 

23-2 

220 

12-0 

15-8 

24-2 

19-82* 

C 

No. of plants 

ft7 

81 

132 

80 

113 

499 


Infected plants 

24 

23 

14 

11 

17 

89 


% infection 

27*6 

28*4 

10-0 

12-8 

15*0 

17-84* 

1) 

No. of plantJ* 

70 

80 

141 

102 

130 

529 


Infected planta 

10 

16 

14 

22 

10 

84 


% infection 

22-9 

200 

9-9 

21-0 

11-8 

15-88* 

K 

No. of planto 

112 

07 

148 

103 

80 

510 


Infected planta 

25 

9 

9 

9 

21 

73 


% infection 

22-3 

13-4 

61 

8-7 

26-3 

14-31* 

Total 

No. of plants 

483 

381 

605 

474 

549 

2552 


Infected plants 

121 

95 

72 

77 

109 

474 

Mean 

% infection 

251 

24-91 

10-82 

16-24 

19-85 

18-57 


* S.E.= i:2*26. 
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The differences due to the 1935 treatments were still observable and 
so, also, were the differences for position on the field (blocks I-V). 

(c) YiM. 

The yield for 1936 was estimated from the weights of 250 random 
samples of 1 yd. length. The results are given in Table VII. 


Table VII 

Yield of Exp. 2, 1936 in oz. per 10 yd. length 

Treatments 


Blocks 

f 

A 

B 

C 

D 

E 

Total 

I 

208 

264 

189 

209 

307 

1267 

II 

88 

122 

208 

173 

202 

803 

III 

278 

308 

316 

326 

364 

1592 

IV 

268 

323 

272 

319 

.w 

1539 

V 

184 

267 

234 

252 

2S8 

1175 

Total 

1110 

1294 

1219 

1279 

1408 

i82*05 S.R. 

Yield in cwt. 

65*75 

76*24 

71*82 

75*36 

87'29 

±9*64 R.x, 


per acre 


The differences between individual treatments were not quite 
significant but E was significantly higher than A, and than the mean of 
A, B, C and D. Also A was significantly lower than the mean of H, 0, D 
and E. The total yield was slightly higher than that of Exp. 1, 1935. 
but the percentage increase for spraying continuously every week was 
almost the same, i.e. 29-9 per cent in Exp. 1, and 324 per cent in Exp. 2. 

The differences in block totals, due to the effect of position or 
germination rate in 1935, had now disappeared. There was some in- 
dication that they were actually reversed, for the yield from blocks I 
and II was now below that for blocks IV and V. There was a negative 
correlation for blocks an<l treatments Ix^tween percentage infection and 
yield. 


V. DISCUSSION 

The most important result of these experiments is that an increase in 
final yield was obtained as a result of spraying (*very week during the 
first few months of growth. In both experiments the increase was 
equivalent to one-third of the yield from the unsprayed plots, or about 
1 ton per acre. Other treatments such as fortnightly spraying or spraying 
in June or July separately, did not show significant individual increases 
in yield, but the results were consistently above the no-spraying level. 
In experiments such as these, consi.sti ng of small neighbouring plots, it 
is not probable that such discontinuous treatments would be very success* 
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ful, because the longer the intervals between treatments the greater the 
danger of re-infestation with aphides from surrounding unsprayed plots. 
If the whole of an aphis-infested area were given one of the discontinuous 
treatments the effect might be greater. 

There was no effect on the yield at the first cropping. This was 
presumably because the aphides did not appear on the plants until 
within a few weeks of cropping, so that at this time most of the plants 
would be too recently infected for the yield to be seriously affected. No 
information is available as to the effect of spraying treatments on the 
yield at the second crop taken in the first year of growth. 

It has been assumed that the effect of spraying was due to the reduction 
of virus infection by the partial elimination of the insect vectors. The 
numbers of aphides were not sufficiently high to have affected the plants 
directly, and the only well-known insect pest of Hxjoscyamus, the 
Hyoscyamuft flea-beetle, Psylliodes hyoscyamiii) which destroys the young 
plants, was not common on any of the experimental plots. Also insect 
damage is generally direct, and might be expected to affect the yield at 
the first cropping instead of the third. 

Furthermore, the change from a positive correlation between per- 
centage infection and jneld in the harvest of 1935 to a negative corre- 
lation in that of 1936 (Exp. 2), suggests that the plots which had most 
virus infection in the first year gave the lowest yield in the second, 
although in the first year many of the heaviest yielding plots had a high 
percentage of virus infection. This is most easily explained on the 
assumption that reduction in the final yield w^as actually dependent upon 
disease contracted at an earlier stage of growth. 

As the percentage infection estimates were not strictly comparable 
between the two experiments, it is better to compare them by the effects 
of spraying on yield. From this it appears that the loss from virus 
infection w’as approximately the same in both, although in Exp. 2 the 
numbers of adult aphides were w^ell below the index figure of 100 per 
1(K) leaves suggested by DaviesO) as necessary for rapid increase of virus 
infection in potatoes. It is probable that not only the maximum intensity 
of infestation, but also the date of arrival, and particularly the origin of 
the aphides are of importance in determining the severity of virus attack. 
Thus Hy. II virus affects many more plants than Hy. Ill virus, but it is 
less easily transmitted (p. 559). This suggested that Hy. II is readily 
introduced from some common source such as potatoes, wrhich are not 
susceptible to Hy. Ill, and that the source from which Hy. Ill is 
derived, is comparatively rare. 
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On the other hand, the second- and first-year plants are grown in 
plots situated near together. The second-year plants appear first above 
ground. They generally have a high percentage of virus infection and 
are cut down just when the first-year plants are at their most susceptible 
stage. If, as happens in most years, they are also heavily infested with 
aphides at the time of cropping, there is obviously a danger of both 
viruses being carried on continuously from year to year. 

It is suggested that the following measures could be taken to reduce 
the spread of virus infection, and increase the final yield: 

(1) Spraying at regular intervals of not less than 1 week from the 
onset of aphis infestation, which can be determined by examination of 
random samples in the field, until the first cropping. 

(2) Altering the cropping arrangements so that all the plants in one 
area are at the same stage of growth. This would involve sowing in 
alternate years instead of every year as hitherto. 

(3) Keeping Hyoscyamus plots as far as possible from potatoes, and 
not using potatoes, or other susceptible plants as rotation crops. 

VI. SUMMARY 

1. Aphis infestation of the first-year’s growth of Hyoscyamus niger 
grown as a biennial crop, was reduced by spraying with a solution of 
nicotine and soft soap for the first 8 or 9 weeks. 

2. The greatest efiect was obtained by spraying at weekly intervals, 
but spraying fortnightly and spraying weekly in June or weekly in 
July, also slightly reduced the infestation. 

3. The percentage of infection by aphis-transmitted viruses was lower 
on the sprayed plots than on the unsprayed. 

4. No effect of treatments on yield was obtained at the first cropping 
in the first year of growth which coincided with the end of the spraying 
period. 

5. As a result of weekly spraying in the first year a 30 per cent 
increase of yield was obtained in the third crop taken in May of the 
second year. 
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THE SOIL-BORNE FUNGUS DISEASES OF FIELD AND 
PLANTATION CROPS: A REVIEW OF EXISTING CONTROL 

METHODS 


S. D. GARRETT 

{LemfaJm Ratofdi Fellow, RothamsUd Experimental Station, Harpenden, England) 

The problem of controlling the parasitic fungi causing root-disease in 
field and plantation crops is one which is common to temperate and to 
trq)ical countries alike. To emphasize the widespread occurrence and 
importance of such diseases, it is necessary to mention only a few 
exan^>les, such as the root-rots of rubber in Malaya, of tea in Inda, 
of cotton in the Su^, of coffee in East Africa and of cacao in West 
Africa, of bananas in the West Indies, and of wheat in Cana^ and 
Australia. 

Fungus diseases of the aerial parts of plants can be controlled by 
spraying and dusting, whereby tne surfaces of the plant are covered 
with a protective layer toxic to the germinating fungus spores. 'Diis 
protective layer requires renewal, its durability depending upon 
climatic conditions and other factors [i]. Even tree-crops 6o ft. high 
can be dusted by modem machines, as m the control of powdery mildew 
of the rubber tree by sulphur-dusting in Malaya [2]. Another str^g 
innovation, still in the experimental stage, consists in the use of aero- 
planes for sulphur dusting against cereal rusts in Canada [3]. 

No such simple and general method of control has been devised 
against the fun^ causing root-diseases of plants, nor does it appear 
l&ely that this is even possible. The difficulties in the way of control 
are not only technical, but also economic, and any fungicidal treatment 
of the soil on a large scale is mnerally out of the question on account of 
the expense involved, even if there were not frequently other objections 
to the use of soil fungicides. Soil treatments which can be economically 
applied to hi^ly paying glass-house crops are generally much too 
expensive for held and plantation crops; methods which are technically 
possible under the intensive and artificially controlled conditions of 
glass-house cultivation can find no place in me field. 

The ideal method for the control of soil-borne diseases, as of plant- 
diseases generally, is by the production of resistant varieties of the crop- 
plant. The production and dissemination of resistant varieties is still 
more important in such countries as India and Egypt, where much of 
the agricultural production is in the hands of peasant cultivators, who 
generally have neither ffie training, the intelligence, nor the resources 
to employ more complicated or expensive methods of disease-control. 
Unfortunately, however, the selection of varieties resistant to dise^e 
is generally possible only for the more highly specialized parasites with 
a very linutra host-ran^. 

It IS perhaps fortunate for those engaged in crop-production that the 
majori^ of me more seriouslv parasitic root-infectmg fungi appear to 
be so specialized in their moae of life that they cannot multiply on the 
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$(^ huinuBt but can only increase on and in die ho8t*plant. In die 
absraice of appropriate host-plants, thw efore, tl^ may be able to persist 
for some time in the soil, but cannot increase; in the continued absence 
of host-plants, their decline and eventual dmppearance is inevitable, 
liie specialization of these root-parasitic fungi has been fully discussed 
elsewhere [4] ; it is therefore proposed to examine here only its practical 
inmlications. 

With this in mind, a classification of existing control methods may 
be made as follows : 

1. Methods which are designed to get rid of the fungus during its 
passive phase in the soil in the absence of host-plants. 

2. Me^ods which check the subterranean acdvi^ of the fungus 
during its active parasitic phase on the roots or other underground parts 
of the growing crop. 

(а) Measures designed to increase resistance to attack of the under- 
ground organs of the host, where this is possible. 

(б) %ogueing , i.e. the removal of infected plants or parts of plants 
from the ground in an endeavour to check the subterranean 
spread of the fungus parasite from infected roots, &c., to healthy 
roots in contact with them. 

(c) Measures mtended to make the soil environment less favourable 
for the parasitic activity of the fungus. 

3. Methods intended to eliminate as far as possible the dispersal of 
the fungus to fresh areas by outside agencies, e.g. wind, water, insects, 
animak, and agricultural practices. 

It k not proposed to discuss here in further detail the methods 
included under the third category, since dkpersal may be effected by 
very varied agencies, and methods of control will obviously vary widely 
according to uie peculiar circumstances of each individual case. Further 
discussion will therefore be reserved for methods included under the 
first two categories. 


Methods Designed to Eradicate the Fungus <bmng its Resting Phase 

in the Soil 

It will be readily apparent that the problem of root-dkease control 
k more difficult to solve in a permanent or so-called plantation crop, 
where the parasitic phase of the fungus can last unbroken, than in an 
area under annual cropping. In the latter case, the period between 
successive susceptible crops, during which the parasite must enter upon 
a passive or resting phase, represents a weak point in the economy of 
the fungus. 

The fungus parasite may perskt from one susceptible crop to the 
next in the form of resting spores or other especially adapted survival 
organs, such as sclerotk, or m infected roots and stubble residues left 
in and on the soil after the diseased crop. The establkhed method for 
eliminating such infection from the soil is that of crop-rotation, whereby 
no susceptible crop k grown for a period sufiiciait to allow most of the 
infection to die out from the soil. Reduction of infection to a very low 
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level, rather than complete eradication of the parasite, generally con- 
stitutes a satisfactory compromise. 

Since infection mu not infrrau^tly been found to survive in the 
soil for periods of as much as nve years after a heavily diseased crop, 
rontrol by crop-rotation is not always veiy satisfactory. It is possible, 
of course, that such survival may sometimes be only apparent, being 
really attributable to the carriage of the fungus parasite on susceptible 
weea-bosts during periods of fallow and alternate crops, or to reinfection 
of the land from outside sources. Nevertheless, a general search ^ 
been made for metho^ whereby the death of the fungus in such 
infected soil may be ai^cially accelerated. Under the intensive system 
of glass-house cultivation, steam-sterilization of the soil is very generally 
practised [5]; one serious disadvantage of this method is that me soil is 
rendered much more favourable for the renewed activity of the fungus 
parasite, if accidentally reintroduced through infected plants or cuttings, 
subsoil, walls of beds, or pots. Both for field and glass-house crops, 
chemical sterilization of the soil has been not infrequently advocated. 
Experimental field trials have rarely given satisfactory results, though 
the method has found a certain popularity for the control of insect 
pests difficult to eradicate in any other way [6]. Disadvantages of soil 
fungicides are the expense of treating large areas, the fact that the 
initial concentration of the toxic chemical is rapidly reduced by the 
soil, and the fact that the killing agent can rarely reach fungus mycelium 
buried at all deeply in infected plmt-residues. Yet other objections can 
be brought forward, but those already raised constitute a strong deter- 
rent to me use of this method. 


More attention might well be paid, therefore, to me operation of 
natural agencies in effecting the disappearance of parasitic fungi from 
me soil in me absence of meir host plants. It was originally considered 
that a parasite disappear^ from the soil solely mrough starvation in 
me absence of an appropriate host; it is now known mat such disappear- 
ance may be greatly hastened by me antagonism to the parasite of the 
saprophytic fungi and bacteria of me soil, which attack and decompose 
it during its resting phase. It has been shown experimentally mat this 
antagomstic action of me soil saprophytes can be increased in various 
ways; their activity is especiaUy accelerated by the addition of suitable 
organic matter to the soil, on which mey can feed and multiply. It seems 
very possible mat, wim fiirmer experimental work, such expedients can 
be adopted as a means for shortening me period of fallow or alternate 
cropping necessary for me eradication of a fungus parasite from the soil 
after a diseased crop. Such a memod can be fitly termed ‘biological 
control’. 


In certain classes of root-infecting fiingi, e.g. me smuts and Fusarium 
seedling-blights of cereals, survival in the soil from one season to me 
next may often be inappreciable, but me fungus is carried over me 
break from one crop to the next on or in me seed; under local conditions 
unfavourable to me survival of soil infection, merefore, control of such 
seed-borne diseases can be obtained by se^-treatment wim a disin- 
fectant dust or steep, or wim hot water. The practice of seed-treatment. 
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witfi tapedd reference to cereals, has been recen^ reviewed by 
Leukd [7]. 

In pmnanent or plantation crops, on the other hand, di^ is no si^ 
break in the continuity of the parasitic existence for a root-infecting 
fiingus. Greater attention must therefore be paid to securi^ a dean 
start on land destined for a plantation crop. Specially is this die case 
with tropical crops, which are more often than not planted on die site 
of deared jungle. Root-disease trouble in devdopi^ plantations is 
generally a direct legacy from the original jungle. The root-disease 
fiin gi exist in biolo^cal equilibrium with tneir hosts in the natural 
jungle, and nowhere is infection very apparent. This equilibrium is 
destroyed by the process of clearing and felling the juMle, and if a 
uniform peculation of susceptible hosts, in the wape of the plantation 
crop, then Be planted on the cleared site, the result may be a spread of 
one or more root-disease fungi under peculiarly favourable conditions. 
Such troubles would not arise, of course, were the land laid down to non- 
suscqptible annual crops for a period after clearing. This is appar- 
ently rarely practicable, however, and in the past the method adopted 
has generally been that of laboriously extracting as many as possible 
of the diseased roots and stumps of the jungle timber before planting 
^e crop. Much of our knowledge of this sequence of events derives 
from recent work carried out at the Rubber Research Institute of 


Malaya M. In Malaya, the laborious process of clean clearing for the 
control of rubber root-rots is being rmlaced by a system m which 
infection is gradually eradicated in the nrst years of the growing crop. 
A tree-to-tree inspection of the collar and proximal parts of the roots 
is made at four-monthly intervals; where infection is discovered, it is 
traced back to the piece of infected jungle timber which w^ its original 
source; this is forthwith removed and destroyed, and the infected root 
appropriately treated or destroyed, according to its condition. In this 
elegant method of control, the plants themselves are used to indicate 
the site of infected timber lying m the soil, and much otpensive labour 
in grubbing the whole of the planting site is thereto savea. Such a con- 
trol method, of course, really comes under the heading of rogueing 
Of very recent interest is a development in Nyasa&nd, oue to I^cl) 
[8]. After the felling of the jungle in preparation for clearing a site for 
tea-planting, there is vigorous and widespread infection of me roots of 
certain species by the ftingus Armillaria mllea. This fungus occurs 
only to a moderate extent on the roots of the living junne, but its 
development seems to be greatly facilitated by the lowered resistance 
of the r<rat8 after felling. A. mellea is then later on responsible for much 
trouble in the young tea-plantations, which may suffer severely from its 
attack. Hie only control method previously known has been ranoval 
of the infected roots and stumps from the sod. Leach has now made the 
significant observation that if the jungle trees are ring-barked some time 
before felling, the roots are invaded not by A. mmea, but by certain 
other fungi, wluch are harmless in voung tea-plantations. He has 
attributed the failure of A, mellea to ini^ the roots of ring-barked trees 
to its preference for roots with a normally high carbohydrate-content, 
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and considers that it may be unable to invade and parasitize those in 
n^hich the carbohydrate-content has been seriously depleted by ring- 
baricing. Such a restriction might be due, of course, to the competition 
of other organisms better able to infect such roots low in carbohydrate- 
content, rather than to absolute inability of A. melka to colonize such 
a substrate. 

Methods that Check Activity of the Fungus during the Parasitic Phase 

{a) Increasi^ host-resistance. — In many diseases caused by root- 
infecting fiingi, the plants affected may be growing under optimum sod 
conditions and in full ve^tative vigour. In other cases, however, the 
plant may be predisposed to disease by some injurious factor in the soil 
environment, or its resistance may be lowered by some nutritional 
deficiency in the soil. When this is so, rectification of the environmental 
factor concerned will be found to control the disease. The serious root- 
rot of sugar-cane in Hawaii, the West Indies, and elsewhere [9], and the 
browning root-rot of cereals in Canada [10], both appear to be due in 
the first instance to a low phosphorus-nitro^n ratio in the soil, though 
the immediate cause of the trouble in each case is the fungus Pythium 
arrhenomanes. Both diseases can be controlled in the field by the 
application of phosphate. Again, a serious root-infection of cotton in 
the Sudan, which nas causra much concern of recent years [ii], is 
associated with a number of different fimgi, but the predisposing cause 
seems to be the poor root-aeration in the very heavy soils on which the 
crop is grown. In condusion, the need for further research work on 
the relation of host-resistance to the nutrition of the plant must be 
emphasized. Such knowledge as we have concerning manurial factors 
and the inddence of disease is concerned mamly wiUi foliage diseases, 
such as potato blight, apple scab, and the rusts and mildews of cereals. 
In the case of root diseases, manurial treatments must operate directly 
upon the causal fungus as well as upon host-resistance, and the precise 
effect of such treatments upon the latter can therefore be evaluated only 
with difficul^. 

(ft) Roguang. — ^The majority of the more specialized root-infecting 
fun^ appear to spread underfund not directly through the soil, but 
along tne inside or outside of the underground organs of the host [i^]. 
Spread from an affected plant to its neighbours, therefore, occurs in 
such cases only by root-contact; the removal of visibly affected plants, 
together with the greater part of their root-systems, might thus be 
expected to check me centrifugal progress of infection from scattered 
iniection fod in the crop. This is not so simple a matter as might wpear, 
however, owing to the great extent of the root-system, and the difficulty 
of recovering diseased portions of roots from the ground. Moreover, 
infection may have travelled undei^und along the root-network for 
a comiderable distance beyond a visibly affected plant, and the removal 
of this alone will thus fail to check the outward Progress of the fungiB. 

This is well illustrated by the fate of heroic efforts to che^ the rapid 
extension of Panama disease of bananas in Jamaica, which is described 
by Cousins and Sutherland [iz] and by Wardlaw [13]. The progress 
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tile disease, first r^rted on the island in the year 1911, was am- 
nderably diet^ed, though not d^nitely arrested, by eaiiy enforcement 
of drastic rogueing, whereby it was compulsory to uproot and destixiy 
plants growing on an area of four square chains around every viably 
wilted plant. With, tiie more rapid extension of the disease after the 
year 1920, the four-square-chain-system of rogueing vras replaced by 
a graduate system, as follows: first to third case, four square chains; 
fourth to fifth case, one square ch^; and after the fifth case, hatf a 
square chain. Finally, in some parishes, the disease became so wide- 
spread as to necessitate the reduction of the quarantine area to the 
indvidual visibly diseased plant, and the eight apparently healthy ones 
surrounding it. This is referred to as the nine-root treatment. The 
failure of rogueing to do more than merely retard the extension of 
Panama disease in Jamaica must be attributed in large part to the spread 
of the causal organism, Fusarium cubeme, by agencies other than the 
host-plant. For example, the transport of infected planting material to 
disease-free areas must have been frequently responsible for the appear- 
ance of the disease in fresh localities, whilst Wardlaw [13] considers that 
flood-waters may have played an important part in the natural dis- 
semination of the parasite. 

More satisfactory appears to be the state of affairs on Malayan rubber 

E lantations, where the rogueing method is being established on a firm 
asis by a thorough investigation of the whole root-rot problem [2]. By 
means of the periodical tree-to-tree inspection (described abovel, ^ess- 
work is being eliminated, and a gradual eradication of all buriea sources 
of infection assured. 

Rogueing methods have so far found their chief application among 
the root diseases of plantation crops, where, indeed, tnere is often no 
other choice. With annual field crops, other methods, such as crop- 
rotation, are available and more economical, and rogueing has so far 
found little favour. An interesting study of tiie VertwUUum albo-atrum 
wilt of potatoes has been publish^ by McKay [14], who found that a 
considerable reduction in the percentage of infected tubers at harvest 
could be achieved by the ‘three-plant method’ of rogueing, whereby 
a visibly wilted plant was pulled together with its two inunediate neigh- 
bours in the row. Infection by root-contact appeared to spread much 
more rapidly along than across rows; this was attributed by McKay, not 
so much to the greater distance apart of plants between than along rows, 
as to the fact that root-development ana root-contact between the rows 
had been checked by frequent cultivations during the earlier part of the 
growing season. 

(c) Making soil cotuktiom less favourable for the subterranean octiotity 
of the fungus , — Certain root-diseases of crops show a well-marked dis- 
tribution with soil type; some are found on acid soils, but not on alkaline 
soils, and vice versa ; others are limited to soils of light texture, and others 
again found only on soils of heavy texture, and so on. It is thus possible 
to some extent to tabulate these different root-diseases according to 
soil type [4]. Amendment of soil conditions, in such a way as to hinder 
the activi^ of the parasite, thus suggests its^ as an aid in the control of 
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disease. Whibt this is certainly more easily accomplished in elass-house 
cultivation [15], th^e is yet appreciable scope for application of this 
principle under ordinary neld conditions. 

Even with field crops, some control of soil temperature can sometimes 
be obtained by variation in the time of planting [16]; control of wWt 
bunt, for example, is assisted by early autumn or late spring sowing, 
since at soil temperatures of 20® C. and above the wheat seedlings 
germinate more quickly and may escape infection [17]. Again, Watter 
and Wellman [18] found that onion smut, due to Urocystis cd^ulae, did 
not occur in those parts of the United States in which the soil tempera- 
ture at planting time exceeded 29° C. 

Soil tilth and aeration can certainly be varied by tillage operations. 
Thus Grifiiths [19] has reconmcnded the compaction of light soils by 
implements and by the trampling of a flock of sheep as a valuable control 
measure for the take-all disease of wheat. 

Effective control of certain diseases, viz. potato scab [20], cotton 
root-rot [21], and take-all of wheat [22], has been obtained by the ap- 
plication of or^ic manures. Such control has been attributed chiefly 
to the antagonistic action towards the parasite of the soil saprophytes, 
the activity of which is ^eatly increased by the addition of fermentable 
organic matter to the soil. Such antagonistic action, in all probability, 
not only hinders the parasitic activity of a root-infecting fungus during 
the growing-period of the crop, but also hastens its disappearance from 
the soil during the subsequent kllow period. 

Certain of the root-infecting organisms are very sensitive to soil 
reaction. The control of potato scab by the application of inoculated 
sulphur, to bring about an acid soil reaction, and the control of club- 
root of crucifers by liming, are widely quoted examples of the effect of 
soil reaction. Whilst quite a number of soil-borne diseases have been 
found to be potentially controllable by adjustment of the soil reaction, 
such a measure is only practicable on the more lightly buffered soils. 

Control of disease by soil amendment is only possible within the 
range of soil conditions permitting economic production of the crop. 
Many of the root-infecting fungi show a tolerance of different soil 
conditions almost as wide as that of their host-plants; others, again, are 
most active under just those soil conditions optimum for crop produc- 
tion. Even where control of a disease by soil amendment is possible, 
however, it will frequently prove impracticable; it can rarely be economi- 
cally feasible, for instance, to change appreciably the reaction of highly 
buffered soils. 

Where soil amendment is not possible, it may still be feasible in some 
cases to restrict the production of the crop to soil types unfavourable 
to disease. This possibility applies more particularly to the ciae of 
permanent or plantation crops, where for obvious reasons soil conditions 
are less under the control or the ^wer than on land devoted to mnual 
crops. Of especial interest in this connexion is the work of Reinking 
[23], who has demonstrated a clear relationship be^een the incidence 
of Panama disease of bananas and soil type; the disease was found to 
be most prevalent on the light-textured sandy soils. Such considerations 
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should be borne in mind by those taking up land for &e cultivttion 
of a tropical plantation crop. Indeed, it may wdl be in the field of 
prevention raflier than in that of aire that the study of soil conditions 
and soil-bome fungus ^seases will eventually find its most valuable 
application. 
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I. Introduction 

In recent years it has become increasingly recognized that the fungi and 
actinomycetes constitute an integral part of the soil microflora and play 
an important role in the soil economy. Their importance in various 
microbial processes rivals that of the bacteria and, in the aerobic decom- 
position of cellulosic materials in the soil, they may be the primary agents. 
In the study of soil mycology, however, information on such fundamental 
points as the effect of cropping, manuring, seasonal changes, moisture, 
etc., on the fungal content, is scattered, inconclusive and not infrequently 
contradictory. The present investigation was started with the following 
questions in view: 

Quantitative, Whether fungi and actinomycetes in cultivated soils 
are affected by different manurial treatments and, further, whether there 
exists any correlation between their numbers and soil fertility as measured 
by crop growth. Whether soil fungi and actinomycetes exhibit phenomena 
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of periodicity as described for other soil organisms such as bacteria and 
protozoa. Whether different crops exert a specific influence upon the 
numbers of fungi and actinomycetes. 

Qualitative. Whether differently manured plots harbour charac« 
teristic types of soil fungi as a result of specific treatments. Whether 
different crops influence the presence or absence of different types of 
soil fungi. 

The investigations were conducted on two fields: (a) Broadbalk 
(continuous wheat and differential manures since 1843), (6) Barnfield 
(continuous roots and differential manures since 1856, mangolds since 
1876). 

Rothamsted soil is heavy loam with clay and flints, contains sufficient 
lime, and the pH value ranges from 7 to 8. 

As the same crops and cultural operations are repeated each year it 
may be considered that the microbial population of the plots has become 
fairly stabilized, and that any differences which may occur in the popula- 
tions of the several plots are relatively permanent and correlated with 
the differential treatments and crops. Gertain plots in Broadbalk receive 
the same manurial compounds as particular plots in Barnfield, and these 
plots were chosen for examination, Furtlu^r, within each field, these 
selected plots can be arranged in order of fiu'tility as measured by the 
crop. The selected plots with their manurial treatment and crop yield 
are given in Tables I and II, where the principal operations conducted in 
the two fields are also stated. 

In Barnfield an additional plot, lA (dung 14 tons, sulphate of 
ammonia 412 lb., 21*70 tons of roots per acre), was also selected in order 


Table I 



Brmdfxilk. 

Yield in 
bushels per 

Wheat .vu/cc 1843. Plots selected for pre.seut 
inve^stigation 

Plot 

acre, av. 


no. 

1852-1925 

Manurial treatments 

3 

9*8 

Unmanured 

10 

17*8 

412 lb. sulphate of ammonia per acre 

11 

214 

412 lb. sulphate of ammonia, 3^ cwt. superphosphate 
per acre 

13 

:m 

412 lb. sulphate of ammonia, 3^ eui;. superphosphate, 

200 lb. sulphate of potash f>er acre 

2B 

34-2 

Dung 14 tons j>er acre 


Rod Standard wheat aown 16 October 1930. Manured 27-28 March 1931. Cut 
17 August 1931. Field ploughed with tractor 29 August to 15 September 1931. 
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Table II 


BarnfieU. Mangolds since 1876. Plots sdeOed for preserU 
investigation 


Plot 

no. 

Yield in 
tons of 
roots per 
aero, av. 
1876-1928 

Manurial treatments 

80 

3-34 

UnmanunHl 

8A 

5*32 

412 lb. sulphate of ammonia per acre 

6A 

6-70 

412 lb. sulphate of ammonia, 3| owt. superphosphate 

6A 

13-50 

per acre 

412 lb. sulphate of ammonia, 3^ cwt. superphosphate, 

1 0 

17-47 

5(K) lb. sulphate of potash i)er acre 

Dung 14 tons fier acrt> 

1 A 

21-70 

Dung 14 tons, 412 lb. sulphate of ammonia per acre 


Mangold variety, Yellow Globe; swede variety, Purple Top. Dung applied 14-15 
November 1930. Tractor cultivation 26-27 March 1931. Manures applied 10 April 1931. 
Mangolds sown 15-17 April 1931. Crop failed. Field rolled 21 May 1931. Swedes sown 
26 May 1931. Nitrogenous top dressing 17-18 July 1931. Roots lifted September 1931. 

that the eflFect of heavy nitrogen dressing might be examined. Plot 
Barnfield 6 A thus received 2*5 times as much sulphate of potash as plot 
Broadbalk 13, but afforded the closest comparison that could be made 
in the two fields. 


II. SlTRVKY OF LITERATURE 

Quantitative, It is only comparatively recently that soil fungi and 
actinomycetes have been considered as other than minor soil organisms, 
with the result that their study has been subsidiary to that of bacteria. 
Perhaps the chief impediment was the lack of any standardized tech- 
nique before that evolved by Brierley, Jewson & Brierley(l). Earlier 
workers, Reray (23), Ramann{22), Goddard (13), Waksman (26-34), Taylor (25) 
and Jones & Murdock (17) concerned themselves with the estimation of 
relative numbers of fungi and actinomycetes in a wide variety of soils, 
and their work shed little light on the specific effect of soil treatments 
and other factors upon the numbers present. 

Brown & Halverson (4) in the U.S.A. made an extensive study, ex- 
tending over a whole year, of the effect of seasonal conditions and soil 
treatment on bacteria and moulds, their results showing that “the 
numbers of moulds present in the soil fluctuated from one sampling to 
the next but were appiirently unaffected by moisture, temperature or soil 
treatment. Some factor uninvestigated probably accounts for the change 

Erdman(9), in his studies of the numbers of fungi and actinomycetes 
in Cardington loam as influenced by different treatments, found that 



Jagjiwan Singh 


167 


“in the great majority of cases the soils from the manure and lime- 
treated plots showed practically the same number of fungi as the soil 
from the check plot. In fact the data showed an apparent tendency for 
the numbers of fungi to be smaller in these two treated soils than in 
the untreated soil”. With regard to the actinomycetes, also, he stated 
that “the different soil treatments had very little effect on the actino- 
mycetes of the soil. About the same number of these organisms was found 
in the soil from the manure and the manure and lime treated plots as was 
present in the untreated plots”. Further, in no instance did his curves 
showing the number of fungi exhibit any relation to the crop yield. 

Jensen (15), in his studies on actinomycetes in Danish soils, stated that 
the reaction of the soil was a more dominant factor than the soil type in 
determining the number of actinomycetes in soils. Also, in his descrip- 
tion of 100 Danish soils, Jensen (16) was unable to trace a direct relation 
between the numbers of fungi in the soils and their agricultural fertility. 
Ho mentions, however, that a certain influence of fertilization is 
discernible in differently treated plots of the same soil. Shunk(24), in 
the U.S.A., could not find any appreciable difference in the fungal 
contents of differently treated soils in general and those treated with 
enough lime in particular. Williams (3G), in England, failed to find a 
marked influence of stable manure upon the numbers of fungi and 
actinomycetes in glasshouse tomato soils. 

Against such negative evidence on the response of fungi and actino- 
mycetes to soil treatment may be set the work of other investigators who 
have obtained different results. Marchal(i9) recorded the presence of 
relatively few fungi in soils that had been extensively cultivated or those 
soils containing a small proportion of organic matter. McLean & 
Wilson (20) gave figures, from studies in New Jersey, which show a 
decided influence of the quality of organic matter on the activity of the 
soil fungi. Lohnis(i8), Gerlach & Vogel (12), and Butkewitsch (5), in 
Germany, showed the favourable influence of ammonium salts and of 
nitrates upon the soil fungi. Fischer (ii), in Germany, found that farmyard 
manure increased the number of fungi in his three types of soils by two, 
three and five times respectively. Faelli(iO) in Germany, Gudemans & 
Koning(2i) in Holland, Hall et alw in England and Waksman(3i, as, 34) 
in the U.S.A. recorded greater numbers of fungi in rich acid soils. 

Studies by Coleman (7) in the U.S.A. of sterile soils showed that such 
factors as temperature, aeration and food supply affect considerably the 
activities of soil fungi. Waksman & Starkey (35) stated that the micro- 
organisms reach a much higher number in fertile than in less fertile 
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soils. Dixon (8) recorded a greater number of fungi in clay soil than in 
sandy soil. Further, he observed minimum counts during the cold and 
dry periods of the year, and the maximum after rain with sufficiently 
high temperature. Brierley(2), in his investigations at Rothamsted on 
Broadbalk plots, observed a numerical difference in fungal content in 
the variously manured plots, and, further, remarked (3) that ‘‘different 
soils vary considerably in their numerical fungal content, the more 
fertile soils containing the greater number”. 

This brief outline of the major investigations of this subject shows 
that the evidence is contradictory in nature and that no clear issues are 
presented. 

III. Experimental work 
(«) Technique 

The plots, as already mentioned, were selected from Broadbalk and 
Barnfield and regular periodic work was started early in December 1931, 
The methods followed throughout were those suggested by Brierley ei 
al (1). Soil samples from the top 6 in. of the different plots were extracted 
laterally from a newly opened vertical soil face, and sampling was 
conducted throughout the year in the two fields on alternate fortnights, 
the samples being taken generally in the morning. 25 g. from each plot 
were weighed and dried for 24 hours in Petri dishes for the determination 
of moisture content. The hydrogen-ion concentration of the soil was 
determined on the same day. Slight variations were observed in the 
pH values but, generally, in the plots under consideration the pH value 
of the soil is slightly on the alkaline side, ranging betw(*en 7 and 8. 

Conn’s medium^ was used, and a dilution of 1/20,000 was employed 
throughout. 

Since it had been decided to estimate the number of actinomycetes as 
well as the fungi it was necessary that the pH of the medium should be 
such as to give the maximum number of colonies of both fungi and 
actinomycetes. Various hydrogen-ion concentrations from 4 to 7*2 were 
tested, and the value which gave the most satisfactory results was 5-2. 

A series of eight plates in parallel was used for each plot, and 1 c.c. 
of 1 /20,000 dilution of the soil sample used as inoculum. The plates were 
incubated at a temperature of 24-26“ C. for a period of 7 days. In order 
to count the colonies on the plates the latter were examined under a 
strong opal electric bulb, and then a final scrutiny made with the plate 

^ Sodium asparaginate 1 g., dipotassium phosphate 1 g., glycerin 10 c.c., water 1000 c.c., 
washed agar 20 g. 
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held obliquely in various directions against the light. The counts were 
made on the 5th and 7th days of incubation, and the method employed 
was to mark on the bottom of the plate all colonies of fungi and actino- 
mycetes with different inks (red for actinomycetes, black for fungi) on 
the 5th day and record the numbers. On the 7th day the plates were 
re-examined and all additional colonies of both types of organisms were 
counted and added to the 5th day figures. The two countings proved a 
useful check on each other. One or two plates in each series were some- 
times spoiled by over-spreading forms (principally Trichoderma sp.), 
and such plates were not included in the final estimations. Preliminary 
work carried out to gain experience of methods made it clear that the 
chief essential in the technique is standardization of every minute 
detail and, keeping this in view, the plating method gives results which 
can be replicated with confidence. 

(b) Results 

The final estimations were made on a series of soil samples taken 
fortnightly at fairly regular intervals from December 1931 to November 
193:^, and the results are shown in Graphs I 4 and Text-figs. 1 and 2. 
In Graphs 1 and 2 are also shown the rainfall, sunshine and atmospheric 
and soil temperatures on the two fields during this period. 
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IV. Discussion 

The aspects of the problem may be discussed separately. 

( 1 ) Correlation between soil fertility^ crop growth and the number of 
fungi and actinomycetes in the soil 

Graphs 1-4, Text-figs. 1 and 2 and Plates VI and VII show that 
the numbers of micro-organisms present in the soil are directly correlated 
with the different manurial treatments; the more fertile the plot the 
greater are the numbers of fungi and actinomycetes. The results, there- 
fore, of Brown & Halverson (4), Erdman(9) and others who were not able 
to trace any direct effects of fertilization upon the numbers of fungi and 



actinomycetes are not supported by the present work. It should be 
remembered, however, that the plots on Broadbalk-Bamfield have been 
subjected to differential manurial treatments for 88 and 76 years 
respectively. On the other hand, support is here indicated of the more 
general statements of Waksmann (30,3i ), Marchal (19), McLean & Wilson (20), 
and Brierley (2,3). While the correlation is here obvious certain additional 
observations may be made. Fungi as a whole are relatively greater 
in quantity in Barnfield than in Broadbalk, but, on the other hand, 
Broadbalk harbours a relatively greater number of actinomycetes than 
Barnfield. The results suggest that there may be a certain potential 
micro-organism content and that what is lost in actinomycetes in 
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Barnfield is counterbalanced by the fungi, and conversely in Broadbalk. 
The corresponding plots, 2 B Broadbalk and 1 0 Barnfield, are signifi- 




cantly greater than 13 Broadbalk and 6 A Barnfield respectively in the 
number of actinomycetes and fungi, but plots 1 0 and fi A Barnfield do 
not differ significantly as regards the fungal numbers. Plots G A and 13 
are significantly greater than 5 A and 1 1 as regards the fungi but in 
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Barnfield the difference in the number of actinomycetes is barely signi- 
ficant. Plots 5 A and 11 as compared with 8 A and 10 are rather 
interesting. The differences in both fungi and actinomycetes in these 
plots, while apparent, are not of any magnitude. The crop yield, how- 
ever, in these two plots does not differ appreciably, hence this fact 
suggests that where the fertility (crop yield) does not differ markedly the 
numbers are comparatively alike. Plots 8 A and 10 differ significantly 
from the controls 8 0 and 1] in the number of fungi and actinomycetes. 
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Fig. 1 

In the additional plots 1 A and 1 0 in Barnfield the differences both for 
fungi and actinomycetes only verge towards significance. 

The question arises whether it is the fungi and actinomycetes which, 
by their activities in the soil, e.g. cellulose decomposition, ammonification, 
etc., make the soil more fertile or whether, because of the greater 
amount of nutrient added in manurial form to tlie more fertile soils, 
their numbers have increased. The answer to this problem does not 
ensue from the present work but the fact seems clear that the relative 
total numbers of fungi and actinomycetes can serve as a possible index 
of soil fertility. 
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(2) Periodicity in the fungi and actinomycetes of the soil. 

It is clear from the work of Cutler et al, (6) that bacteria and Protozoa 
show seasonal changes, a definite periodicity with a maximum in spring 
and autumn and a reduction of numbers in summer and winter. Seasonal 
periodicities have also been recorded for both freshwater and marine 
algae. In considering, first, the fungi as a group, their behaviour 
throughout the year has been followed in both Broadbalk and Barnfield 

3100 650 . 

2850 600 ■ 

25 2600 550 - 

2350 500 . 

20 i 2100 450 - 

? 

ft; O C 

S - 1850 1400 - 

I. e c 

^ l t 

Jl5 ; loOO : 350 - 

6 § 

a. e if 

0 c 

^ I 1350 300 . 

10 1100 230. 

850 200 - 

5 600 150 - 


350 100 

0 100 50 


and is shown in Graphs 1 and 2 respectively. It is interesting to note 
that, in both fields, the number of fungi throughout the year seems to 
have approximated about a mean value for each plot and that, during a 
period of 12 mouths, there is no apparent relation with seasonal or 
climatic changes. 

In Broadbalk plot 2 B there is a slight depression of numbers during 
the summer and winter, and this plot alone might possibly suggest 
something of the nature of a periodic cycle, winter and summer fall with 
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a rise in spring and autumn, were it not that the Bamheld results com- 
pletely negate it. Although the two fields are subject to different 
operations such as sowing, manuring, cultivation, rolling, harvesting, 
etc., during the whole year, it might be argued that, if seasonal changes 
had any dominant effect, it should have been manifested in all the plots 
on both the fields. Failing to get such a result one is led to the tentative 
conclusion that periodicity in soil fungi is not a definite phenomenon 
or that the methods employed are not suitable for its exhibition. 

The behaviour of actinomycetes in both the fields is plotted in 
Graphs 3 and 4. It will be seen that marked evidence of periodicity 
is lacking although there would seem to be an indication of a fall in 
numbers during the winter months. 

In general, the evidence with regard to periodicity in fungi and 
actinomycetes in the present study is negative or, at best, inconclusive. 
Unfortunately, the weather conditions during 1931, and especially during 
the summer months, were extremely unsatisfactory and the absence of a 
real and marked rhythm in weather conditions during this period of 
observation may be reflected in the inconclusive nature of the data 
obtained. Although in the results there is an indication of a fall in 
winter numbers, if all the data are considered together the evidence is 
more suggestive of a scattering of numbers about a mean value during 
the rest of the year. Data for other physical factors such as atmospheric 
temperature, soil temperature, rainfall, and sunshine are inserted in the 
graphs, but the fluctuations in numbers do not seem to correspond with 
any of the external conditions. It may be suggested that the problem of 
periodicity can only be finally solved if periodic samplings are taken on 
a number of differently manured fallow or grass plots. An experiment of 
this kind, which would exclude all factors such as different crops, culti- 
vated or uncultivated fields and various field operations, would alone 
give conditions really suitable for a conclusive study of the phenomenon 
of periodicity in the soil fungi and actinomycetes. 

(3) The relation of different crops to the fungi and actinomycetes of the 
soil. 

Figs. 1 and 2 show the possible effect of the different crops on the 
number of fungi and actinomycetes. While it may be suggested that the 
different crops, as such, do not seem to affect the numbers in a prominent 
way, nevertheless the numbers of fungi are, on the whole, greater in the 
Barnfield than in the Broadbalk plots. On the other hand, actinomycetes 
are reversely affected, Broadbalk plots having greater numbers than 
those in Barnfield. The only important factors differing in the two 
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fields are the crop and the cultural operations. It would seem therefore 
that the balance of the two groups of organisms may be conditioned by 
the different jplant residues in the soil or by the direct influence of the 
different crops, or perhaps by a combination of these factors. 

V. General observations on the qualitative data 

Side by side with periodic quantitative estimations an examination 
was made of the qualitative aspects of the fungus flora of the various 
plots as affected by different manurial treatments and crops in both 
Broadbalk and Barnfield. It was impossible to identify all the numerous 
fungi which appeared on the plates during the course of the work, but 
certain important soil forms were amenable to rapid identification on 
account of their obvious methods of sporulation and characteristic colony 
formation. The following were amongst the genera selected for observa- 
tion: PenicilUumj Aspergillus, Mucor, Fusnrium, Dermtium forms and 
Monilia, 

The data accumulated in this connexion indicate that it is not 
possible to state that any of the differently manured plots harbour 
definite or characteristic types of fungi. All the more important forms 
are represented in each of the several plots but the more fertile plots seem 
to contain, besides the dominant genera, a greater variety of forms such 
as species of Verticillium, Trichodernia, Pkoma, Cephalosjmium, Sporo- 
trichum, Sepedonium, Cladosporium, Hdminthosporium, Macrosporium, 
Ahernaria, and sterile hyphae of various other fungi. The above negative 
association of particular fungi with specific manurial treatments was, 
however, only one aspect of this problem. The different crops or, perhaps 
more accurately, the residues left by different crops may have a marked 
effect as regards the density of the various forms, since certain types of 
fungi seem to be more favoured in their growth in one field than in the 
other. It was observed that Barnfield harbours greater numbers of the 
genus Penidllium^ and forms of Dermtium while Broadbalk contains 
greater numbers of the genus Fusarium, Species of Monilia arc common 
in both the fields, and Aspergillus spp. and Mucor spp. are extremely 
deficient in the two fields under consideration. 

The greater prevalence of Fusarium in Broadbalk as compared with 
Barnfield is probably related to the fact that wheat is a more favourable 
host for these forms than is the mangold, and the non-rotation of the 
wheat crop probably determines their increased presence. The scarcity of 
Aspergillus spp. and Mucor spp. in the Rothamsted cultivated fields was 
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unexpected but, nevertheless, the rarity of these two genera in the 
dilution plates was a definite and obvious fact throughout the year. 

Further intensive work on the relative distribution of particular 
species and genera is needed before a satisfactory explanation of the 
presence or absence of the forms in particular kinds of crop fields can be 
found. 


VI. Summary 
Quantitative 

1. A direct correlation has been found between soil fertility as 
measured by crop growth and the number of fungi and actinomycetes in 
Barnfield (permanent mangold) and Broadbalk (permanent wheat) at the 
Rothamsted Experimental Station. 

2. Inconclusive or negative evidence has been obtained with regard 
to the phenomenon of periodicity in the fungi and actinomycetes in the 
soil. Evidence, on the whole, seems to suggest that numbers throughout 
the year scatter about a mean value with an indication of lower numbers 
in the winter. 

3. No marked and dominant effect of the crop has been observed 
upon the numbers of fungi and actinomycetes beyond a suggestion that 
the wheat field, on the whole, contains a greater number of actinomycetes 
than Barnfield while the reverse is the case for the fungi. 

Qualitative 

1. The results do not favour the view that there exist specific soil 
fungus floras determined by particular manurial treatments. The more 
fertile plots contain, however, a greater variety of soil fungi. 

2. In the two fields different soil forms exist in different quantities. 
Penicillium and forms of Dermtium are more prevalent in Barnfield 
while Fusarium tends to predominate in Broadbalk. 

Forms of Monilia occur fairly uniformly in the two fields. Species 
of Aspergillus and Mucor are scarce in the two fields. 
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EXPLANATION OF PLATES VI AND VII 

Photographs of typical dilution plates, showing fungi and actinomycetes in the variously 
manured plots demonstrating the correlation between soil fertility and numbers of colonies. 

PLATE VI. BROADBALK 


Treatment of plots Plot no. 


Fig.l 

Unmanured 

3 

Fig. 2 

Sulphate of ammonia 

10 

Fig. 3 

Sulphate of ammonia + superphosphate 

11 

Fig. 4 

Sulphate of ammonia + superphosphate + sulphate of potash 

13 

Fig. 6 

Dung 

2B 


PLATE VII. BARNFIELD 


Fig.l 

Unmanured 

80 

Fig. 2 

Sulphate of ammonia 

8A 

Fig. 3 

Sulphate of ammonia + superphosphate 

5A 

Fig. 4 

Sulphate of ammonia + superphosphate + sulphate of potash 

6A 

Fig. 6 

Dung 

10 

Fig. 6 

Dung + sulphate of ammonia 

1 A 
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•TA(J.1I\VAN SLNCJTJ.- Son, Fi noi and Aotinomycetes jn 1Iei,\tio\ to M \ni luvi, Tueatment, 
Season and Oiioi* (pp. 154 168) 








[Reprinted prom the 

TRANSACTIONS OF THE BRITISH MYCOLOGICAL SOCIETY, 
VoL. XXI, Parts I and II, 1937.] 

PRINTED IN GREAT BRITAIN 


SOME OBSERVATIONS ON THE OCCURRENCE 
OF FUSARIUM CULMORUM ON WHEAT 

By G. SAMUEL and F. J. GREANEY 

Department of Plant Pathology^ Rothamsted Experimental 
Station^ Harpenden, Herts 

In published work dealing with the occurrence o^Fusarium culnwrum 
on cereals most attention has been devoted to the status of this fungus 
as a parasite, Simmonds(7), Bennett(i), RusselUs), Geach(3) and 
others have recorded it as causing seedling blight, foot rot, whiteheads 
or ear blight of oats and wheat in the field, and have proved its 
pathogenicity by controlled inoculation experiments. In recent years, 
however, references to its occurrence either as a weak secondary para- 
site, or under circumstances where its parasitic action has been doubt- 
ful, have been more numerous. One of the most interesting of these 
is the work of Broadfoot (2) in which isolations from many thousands 
of wheat plants taken at random from rotation plots yielded F, cuU 
morum (either alone or in combination with other fungi and bacteria) 
to the extent of from 20 to 60 per cent in different plots. Simmonds(7) 
and Sanford & Broadfoot (6) have also isolated F, culmorum from 
stubble. The latter workers compared the virulence of many isolates 
and found that most of them were only weakly pathogenic. Apart 
from this recent work in Canada the information available on the 
weakly parasitic and saprophytic life of F. culmorum on cereals is com- 
j)aratively scanty. It therefore seems worth while putting on record 
the results of isolations made from healthy wheat plants collected in 
England. 

Isolations made at Rothamsted about harvest time in 1934 showed 
that F. culmorum was present on most of the roots and stem bases of 
wheat plants affected with whiteheads. However, control isolations 
made from healthy plants with full cars of grain revealed that F. cul- 
morum was often present on the roots and stem bases of these plants 
also, so that no conclusion could be drawn as to the parasitic action 
of the fungus where it had been isolated from the whitehead plants. 

In the following year, with a view to obtaining some idea of the 
progressive invasion of the roots and crowns of wheat plants by fungi, 
isolation work was begun about the time the crop was in flowei, and 
periodic isolations were made as the crop ripened. The material for 
this study was obtained from three wheat fields, one at Rothamsted, 
one at St Albans and one at Cambridge (Table 1 ). 

The crops on these fields were among the healthiest in the districts. 
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Table I. Cropping data for fields examined 



Soil 

Variety 

Sown 

Reaped 

Rotation 

per acre 

Rothamsted 

Clay with flints, 
ptir^ 

Victor 

26 Oct. 
*934 

6 Aug. 
*935 

1932 kale 
*933 barley 
1934 beans 


St Albans 

Clay with flints, 

pHra 

Victor 

10 


Temporary 
grass ley 
1934 oats 

50 

bushels 

Cambridge 

Heavy gault 
clay,/iH T9 

Yeoman I 

29 Oct. 
*934 

3oJul. 

*935 

Temporary 
grass ley 

58 

bushels 


and showed no evidence that seedling diseases had been present. At 
intervals of about a fortnight ten samples of about a dozen plants were 
taken from each crop. These samples were taken at intervals of ten 
paces and between ten and twenty paces in from the edge along the 
best side of the field. From each sample the healthiest plant was 
chosen, and four crown pieces and five root pieces cut out at random. 
These were rinsed in alcohol, sterilized two minutes in 1:1000 mer- 
curic chloride, washed in sterile water, and plated out o^ potato- 
dextrose agar, the crown pieces and root pieces being plated in 
separate dishes. The last isolations were made from the stubbles after 
the crops had been cut. A summary of the results is given in Table II. 


Table II. Isolations q; Fusarium culmorum and other 
fungi from healthy wheat plants 

Number of pieces yielding 



Date of 

Part of 

Field 

collection 

plant 

Rothamsted 

26 June 

Crown 

Roots 


7 July 

Crown 

Roots 


22 July 

Grown 

Roots 


6 Aug. 
(stubble) 

Crown 


Roots 

St Albans 

I July 

Crown 

Roots 


15 July 

Crown 

Roots 


*9 July 

Crown 

Roots 


13 Aug. 

Grown 


(stubble) 

Roots 

Cambridge 

12 July 

Crown 

Roots 

Grown 

Roots 


26 July 


20 Aug. 
(stubble) 

Crown 


Roots 


other other fungi 


No. of 

Fusarium 

Fusarium 

and 

pieces 

culmorum 

spp. 

bacteria 

40 

0 

4 

29 

50 

5 

2 

3b 

40 

4 

1 

3* 

50 

2 

2 

4* 

40 

3 

5 

3a 

50 

2 

3 

45 

40 

I 

0 

35 

50 

0 

I 

46 

40 

0 

0 

*7 

50 

I 

0 

15 

40 

I 

5 

ii 

50 

5 

3 

40 

*4 

3 

21 

50 

10 

2 

33 

120 

4a 

2 

DO 

150 

34 

0 

106 

40 

*3 

0 

23 

44 

*4 

0 

21 

40 

11 

4 

25 

150 

*4 

5 

75 

120 

90 

0 

i 

150 

130 

0 
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It will be seen that F. culmrum was isolated from a few specimens 
in every field at the time of the first sampling. In the Rothamsted 
field it did not increase in amount as the season advanced; in fact, it 
decreased. In the St Albans and Cambridge fields, on the other 
hand, it increased markedly, and in each, seven of the ten plants 
taken before harvest had the fungus on stem base or roots. In 
the field at St Albans thirty stubble samples taken at random over 
the field two weeks after harvest showed 70 per cent infection with 
F. culmrum^ and in the Cambridge field the fungus was present on 
every one of fifty random stubble samples taken three weeks after 
harvest. 

In spite of the appreciable amount of F, culmrum present on the 
roots at harvest time the crops gave excellent yields. The one at St 
Albans yielded 50 bushels to the acre, and the one at Cambridge 58 
bushels. In the latter there were fourteen sacks of head corn and only 
two-thirds of a sack of tail corn, so that the grain had filled remarkably 
well. A sample of wheat from this crop took the Gold Cup at the 
Baker’s Exhibition, London, for the best sample of milling flour. 

To determine whether the strains of F. culmorum obtained were 
weak and almost non-pathogenic, isolates from the different localities 
were multiplied on corn-mcal sand, and pathogenicity tests on wheat 
seedlings in the greenhouse were carried out in the usual manner. 
When the seedlings were washed out at the end of five weeks there was 
appreciable attack on the roots by all the strains of F. culmorum used. 
The average disease rating (4) for thirteen isolates of F. culmrum was 
21-0 (ranging from 9 to 40), that for three isolates of Ophiobolus 
graminis was 99*0, and that for the controls was 7-5. Sanford & 
Broadfoot(6) have drawn attention to the difficulties encountered in 
greenhouse tests for pathogenicity when done by the usual methods. 
Not much reliance was therefore placed on these tests, and the ques- 
tion of the relative pathogenicity of strains of Fusarium culmrum in 
England was left for more detailed investigation in the future. 

Although isolation work was not commenced quite early enough, 
and was not done on a sufficient number of samples to give a complete 
picture of the activity of F. culmrum during the season, it is evident 
that the fungus must have been present in the soil from which these 
healthy wheat plants were taken, exerting no appreciable parasitic 
effect and entering the root systems, along with other fungi, only as 
the roots began to lose vitality after flowering of the crop. There was 
then a still further development of the fungus on the stubble, after the 
crop had been cut. This is in contrast to fairly numerous cases re- 
ported, especially from the north of England, of appreciable damage 
to wheat by the fungus F. culmorum. The soil or other factors which 
favour parasitic action by this fungus during the earlier stages in the 
growth of cereal plants are at present very imperfectly understood, but 
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it may be significant that these three instances in which no apparent 
injury was done were all on slightly alkaline clay soils. 

The assistance of Miss E. Holmes and of Dr M. Fernando with 
portions of the cultural work, and of Dr W. A. R. Dillon Weston in 
the collection of samples from Cambridge, is gratefully acknowledged. 
Dr F. J. Greaney shared in the work described in the paper while he 
was a temporary worker at the Rothamsted Experimental Station. 
He is a member of the staff of the Dominion Rust Research Labora- 
tory, Winnipeg, Canada. 
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THE SUSCEPTIBILITY OF THE PLANT CELL 
TO VIRUS DISEASE 

By F. M. L. SHEFFIELD, Ph.D, F.L.S. 

Department of Plant Pathologic, Rothamsted Experimental Station, 
Harpenden, Herts 

(With 1 Text-figure) 

In connexion with some micromanipulative work which had been 
planned it became necessary to find a technique whereby the presence 
or absence of virus in a small amount of the contents of a cell of an 
infected plant could be demonstrated. This need led to several experi- 
ments bearing on the susceptibility of the host-plant cell, attempts being 
made to discover a plant, which, if suitably inoculated, would serve as 
an index for such minute amounts of virus. Unfortunately no plant and 
inoculation method yielded more than one-tenth of the expected number 
of infections. This could only be explained by a variation in the suscepti- 
bility of the cells of the host plants. It was decided to abandon these 
methods and to seek a serological test for such small quantities of virus. 
Nevertheless, the results of the experiments, although they were not 
statistically planned and data in some cases are scanty, arc of sufiicient 
interest to be worth placing briefly on record. 

Inoculation without injury to the cells of the host 

Experiments were first made to determine whether infection can 
occur when all the cells of the parts of a plant coming in contact with 
the virus are quite uninjured. 

In the first series, three host plants which show systemic infection 
with the yellow strain of aucuba mosaic disease d-*) were used. Juice was 
extracted from infected tomatoes, passed through fuller's earth and 
diluted wdth water to 1 part in 3. The upper and lower surfaces of healthy 
plants were sprayed with this juice through a de Vilbiss atomizer. Great 
care was taken to avoid touching the sprayed leaves in any way. In the 
control plants the upper surface of one leaf was similarly sprayed and 
was then rubbed with the finger. 

The results accruing are shown in Table I. 
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Table I 

Effect of spraying uninjured plants toith suspension of aurndni 
mosaic virus 



Results 


Controls 




Species 

t 

No. treated 

+ 


r 

No. treated 

+ 


Solanum rwdifiorum 

36 

0 

36 

12 

12 

0 

Solanum lycoperdcum 

96 

2* 

94 

24 

24 

0 

Nicotiana tabacum 

24 

0 

24 

9 

9 

0 


* Plants showed insect damage. 


In a second series of experiments Nicotiana glutinosa, which develops 
local necrotic lesions on infection with tobacco or aucuba mosaic virus, 
was used. Whole leaves were sprayed with infectious juice. After spraying, 
one-half of each leaf was left untouched; as a control, the other half was 
rubbed with the finger to break the hairs which project from the leaf 
surface. Some leaves were treated on the plant; other leaves were 
detached from the plant and were minutely examined for any possible 
damage before spraying. After treatment the latter were stored in Petri 
dishes on damp filter paper. Care was taken to handle the leaves only 
by their petioles. Table II gives details of these experiments. 

Table II 

Effect of s'pmying uninjured leaves of Nicotiana glutinosa 
with a virus susfension 

No. of 





No. of 

lesions 



No. of 

lesions on 

on halves 

Inoculum 

Position 
of leaf 

leaves 

treated 

sprayed 

halves 

sprayed 
and rubbed 

Aucuba mosaic (yellow strain) of tomato, 

On plant 

14 

3* 

1167 

dilution: 1 in 100 




Aucuba mosaic (yellow strain) of tomato, 

Detached 

15 

0 

1685 

dilution: 1 in iOO 

Tobacco mosaic (Johnson’s No. 1), 

On plant 

18 

5* 

1417 

dilution: 1 in 10 





* Showed insect damage. 

Tables I and II show quite conclusively that the virus is unable to 
enter uninjured cells. In the very few cases where infection resulted 
after spraying, the leaves had been damaged by insects, presumably 
whilst the virus suspension remained on the leaf surface. 

These results are in accordance with those of Caldwell (i), who holds 
that the virus cannot enter an unbroken cell. He states that, even when 
the virus is contained in the xylem vessels of the host, it is necessary to 
crush the tissues to enable it to pass from the xylem into the living cells. 
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Duggar & Johiisoii(3), however, state that it is possible to infect tobacco 
plants by spraying the leaves with infective juice, the virus passing into 
the host through the stomata. It is suggested that, in their experiments, 
“gently lifting the leaf with the nozzle of the atomizer and spraying 
while the leaf was so held ” caused sufficient damage to the delicate hairs 
clothing the tobacco leaf for the virus to gain entry through a broken cell. 

Period which may elapse between injury to the cell 

AND THE ENTRY OP VIRUS 

One-half of the adaxial surface of each of ten leaves of Nicotiana 
glutinosa was rubbed gently with the finger and immediately sprayed 
with a suspension of aucuba mosaic virus. The other half of each leaf 
was rubbed with the same virus suspension. The first method yielded 
310 lesions; the second 329. It became evident that a high percentage 
of infection can be obtained if the virus is applied after injury is caused 
to the cells. Experiments were then made to determine how long after 
injury infection could still be brought about. 

Leaves of iV. glutinosa were rubbed gently with the index finger. 
One-half of each leaf so rubbed was immediately sprayed with a sus- 
pension of virus ; the r(*maining halves were similarly sprayed after the 
lapse of a selected interval of time. In the first set of experiments 
intervals of 5, 10, 20 and 30 min. were .selected. As it seemed desirable 
to obtain information regarding shorter periods, in the later experiments 
half-leaves were sprayed at intervals of 1, 2, 4, 8 and 16 min. after 
rubbing. Table 111 gives the results of these experiments, which arc also 
graphically illustrated by Fig. 1. 

Table III 

Possibility of tune elapse betiveen injury to cell and entry of virus 


Time 


No. of 

No. of 

liOsions after delayed spraying 

interval 

No. of 

IcsioiiR afU'r 

lesions on 

Jx^sions after immediate spraying 
% 

in min. 

replicates 

interval 

controls 

1 

13 

356 

451 

78-9 

2 

13 

315 

442 

71-9 

4 

13 

160 

387 

42-9 

5 

4 

83 

188 

44-2 

8 

10 

114 

302 

37-7 

10 

3 

44 

176 

25-6 

10 

2 

21 

79 

26-5 

20 

3 

8 

187 

4-3 

30 

3 

5 

176 

2-8 


The results obtained do not accord with those of Holmes (4), who 
suggested that with N. rustica “rubbing is cffi'ctive as an inoculation 
method only in the presence of virus”, and that “wounds made 
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immediately before the application of virus were inefEective ” . Fig. 1 shows 
that although the chances of infection fall rapidly in the first few minutes 
after injury, an adequate dose of virus may still gain entry into the cell 
even half an hour after rubbing. 



Time in minutes 

Fig. 1. The possibility of time elapse between injury to the cell 
and the entry of virus. 

Inoculation by injection into single cells 

Doses of filtered but undiluted virus juice which should be adequate 
to cause infection were inoculated into single cells of growing plants. 

Glass micropipettes of apertures 1-5 /x were drawn out and suitably 
bent. A micropipette was fixed into the manipulating stand of a Janse 
and Peterfi micromanipulator bearing a microscope. A second microscope 
was placed beside the micromanipulator on the same side as the stand 
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bearing the pipette and in such a position that the tip of the latter could 
be swung around, by adjusting the manipulating stand, from the optical 
axis of one microscope to that of the other. The second microscope was 
equipped with a glass stage on which was rested the leaf to be inoculated. 
To the objective of this microscope was attached a Busch diagonal 
illuminator. It was possible to pick up in the pipette a drop of virus juice 
from the cover-glass of the moist chamber and to inoculate it immediately 
into a cell of the leaf arranged beneath the second microscope. 

Inoculations for systemic infection 

Young plants of Solanum nodijlorum, tomato, tobacco and Hyoscyamus 
niger were inoculated with aucuba mosaic virus (yellow strain). One 
injection was made into each plant into the cells of either hairs, palisade 
or phloem tissues. No significant difference was observable between the 
results obtained by injection into different tissues. In all, 102 injections 
were made, nine infections resulting, i.e. a little less than 9 per cent, of 
the injections were effective. 

Inoculations for necrotic lesions 

Aucuba mosaic virus (yellow strain) was injected into the hairs or 
palisade cells of the leaves of Nicotiana glutinosa. The leaves were either 
detached from the plants and, after infection, stored in Petri dishes, or 
they were left on the plants which were returned to the glasshouse after 
inoculation. Leaves of that stage of development which experience 
suggested would give the greatest number of lesions were selected. 
Again the percentage of infection was low, and no significant difference 
was found between the percentage of infections resulting from injection 
into the hairs or into the palisade tissue. Of a total of 810 injections, 
85 or 10*5 per cent, caused necrotic lesions to form on the leaves. 

Similar injections were made into the cotyledons of the runner bean. 
Of these inoculations 15 in 240 or 6 per cent, resulted in the production 
of lesions. 

Inoculations for starch lesions 

The viruses of tobacco mosaic, aucuba mosaic and Hy. Ill diseases 
were injected into cells of hairs, palisade or phloem of tobacco leaves. 
A number of injections (usually fifteen) were made into one-half of each 
leaf; on the other half a standard dilution of virus juice was rubbed. 
The plants were returned to the glasshouse where they were left for a 
number of days varying according to the virus used and to the weather 
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conditions. They were then put in total darkness and kept there from 
6 p.m. to 9.30 a.m., when leaves were cut from the plant and immediately 
killed by immersion in boiling water. The leaves were decolorized with 
alcohol and stained in iodine solution and the numbers of lesions were 
counted. 

The results obtained are summarized in Table IV. 

Table IV 

Inoculation of virufi by micropipette into tissues of the tobacco plant 

Per- Av. no. of 





No. of 

centage 

Dilution 

losions pro- 

Tissue 


No. of 

starch 

of in- 

of 

duced by 

injected 

Virus 

replicates lesions 

fections 

standard 

standard 

Hairs 

Tobacco mosaic 

42 


14:i 

1 in 100 

115 

Palisade 

»» 

78 

11 

14- 1 

1 in 100 

161 

Hairs 

Aucuba mosaic of tomato 

102 

8 

4-9 

1 in 10,000 

20*4 

Palisade 


57 

7 

128 

1 in 10,000 

67-r) 

Phlooiii 


105 

19 

171 

1 in 10,000 

76 

M 

Hy. Ill 

240 

10 

00 

lin 100 

68-5 


When the results were analysed, the figures obtained from the 
standard proved of little value. Dr M. A. Watson,’ working in this 
laboratory, has similarly found the half-leaf method to be of little value 
when more than two variants are to be considered, and Youden & 
Beale (5) advocate the method when comparing only two samples of 
virus. 

With tobacco mosaic no difference was found between the percentage 
of infections resulting from injection into the cells of the hairs and those 
of the palisade, but, with aucuba mosaic, inoculation into the palisade 
resulted in a higher percentage of infection. However, the shows 

this percentage not to be significantly greater. With aucuba mosaic, the 
percentage of infections obtained by inoculation into the phloem is found 
to be significantly greater than that obtained by inoculation of the hairs. 
Jly. Ill disease is normally transmitted by Myzus persiem, which is 
generally supposed to feed from the phloem of the host. For this reason, 
injections of Hy. Ill were confined to the phloem. The greater infection 
obtained by injection of aucuba mosaic than by Hy. Ill into the phloem 
may be explained by the greater infectivity of aucuba mosaic disease. 

Inoculations by injection into single cells of various tissues of different 
hosts all yield low percentages of infection; This is not necessarily in 
disagreement with the results obtained by the more usual mechanical 
methods of inoculation. If, for instance, a leaf is rubbed with the finger 


^ Unpublished data. 
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or a cloth or spatula moistened with a virus suspension, a large number 
of hairs are torn or broken. To produce a systemic infection the virus 
needs to gain effective entrance through one only of these broken cells. 
If necrotic or starch lesions are shown, then the virus must enter the 
leaf at a number of cells. But the number of lesions produced is always 
exceedingly small as compared with the number of hairs on the leaf 
surface, and a considerable proportion of these may be broken by 
rubbing. The results accord with those of Dr M. A. Watson,^ wdio 
finds that Hy. Ill virus is effectively carried by the aphid in only a small 
prop6rtion of cases. 

These low percentages of infection suggest that differences exist in 
the susceptibilities of cells to virus attack, not only in different leaves, 
but also in the same type of tissue and in the same leaf. It has been 
suggested that the varying susceptibilities of different leaves is due to 
some mechanical difference making tearing of the cells more difficult, 
and, for this reason, various abrasive substances have been mixed wdth 
the virus suspension. The fact that micropipette injections and infection 
by aphids yield low percentages of infection suggests tliat the varying 
susceptibility may be due to variation in some physical or chemical 
property rendering tlie cell contents antagonistic to the virus. 


Summary 

A number of spraying experiments showed that the virus cannot 
enter a plant unless some of the cells are injured. It is not essential 
that such injury should be brought about in the presence of the virus. 
The chances of infection fall off rapidly in the first few minutes after 
injury, but infection occurs occasionally as long as half an hour after 
the cell is damaged. 

Inoculations by micropipette into single cells of the host plant yielded 
only about one-tenth of the expected number of infections. This suggests 
differences in the susceptibility of the cells to virus attack. 


^ Unpublished data. 
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THE ROLE OF PLASMODESMS IN THE 
TRANSLOCATION OF VIRUS 

By F. M. L. SHEFFIELD, Ph.D., F.L.S. 

Department of Plant Pathology, Rothamsled Experimental 
Station, Harpenden, Herts 

(With Plate XXI) 

The literature bearing on the movement of the virus within the plant 
has been summarized by Henderson Smith ( 3 ) and Kenneth Smith ( 4 ). 
The balance of the evidence suggests that virus is not carried in the 
transpiration stream, and the suggestion has been made that it travels 
in the phloem. That virus does travel more rapidly in the region of the 
vascular bundles is shown by the curious deformations of the usually 
circular starch lesions when near the larger veins. 

It is obvious that on occasions the virus must move about in tlie 
parenchymatous ground tissue of the leaf. In the case of systemic 
infection the virus appears to be carried into the primary meristem of 
the shoot and there multiplies as the cells become differentiated. Inter- 
ference with the normal development of the plastids results in the 
production of mottled leaves (2). But virus also finds its way into the 
older leaves which were fully developed when the plant was inoculated. 
If it is present in the palisade tissue of these leaves it must reach the cells 
by movement through ground tissue. Also when leaves are artificially 
inoculated by breaking of hairs in the presence of a virus suspension, the 
virus must then pass through the ground tissue. It has been suggested 
that the virus passes from cell to cell by “diffusion”. Owing to the 
particulate nature of the etiological agent of these diseases, it is unlikely 
to pass from cell to cell by actual diffusion through the cell wall. It is 
suggested that it is carried along the protoplasmic strands which connect 
the cytoplasm of adjoining cells in the phloem and in the majority of 
other living tissues. 

Over a period of years, the intracellular inclusion bodies induced by 
many viruses in their appropriate hosts have been examined. These 
inclusions occur to a greater or lesser extent in all tissues of the host. 
It was noticed that, although every cell over large areas of the epidermis 



F. M. L. Sheffield 


507 


might contain inclusion bodies, the guard cells of the stomata even when 
included in these regions were invariably devoid of such bodies (PI. XXI, 
fig. 1). It was therefore decided to examine the protoplasmic connexions 
between these cells. 

Epidermal strippings were taken from leaves of tomato, tobacco, 
Hyoseyamm niger and Sohnum. nodijlorum, all plants which had been 
used extensively in the study of intracellular inclusions. These were 
treated by Crafts’s technique for demonstrating plasmodesms(i). After 
fixing, the material was immersed in sulphuric acid and was then 
stained. The immersion in acid causes the walls to swell and the plaa- 
modesms to become stretched as the protoplast contracts from the walls. 
The strength of acid used and the time of immersion were varied. 
A shorter immersion in a weaker acid revealed the protoplasts of adjoining 
cells connected together by protoplasmic bridges (PI. XXI, figs. 2 and 3). 
A longer immersion or a stronger acid caused these bridges to break at 
either end, a fine strand of cytoplasm remaining within the cell wall 
(PI. XXI, fig. 4). 

Preparations so made in no case revealed any protoplasmic con- 
nexions between the guard cells of the stomata and the surrounding 
epidermal cells. That these guard cells contained no intracellular 
inclusions (PI. XXI, fig. 1) suggests that, owing to the absence of any 
direct protoplasmic connexion with the adjacent cells, the virus is unable 
to pass into the guard cells. 

That the virus travels through the plasmodesms is a possible ex- 
planation of the non-transference of virus to the offspring of diseased 
plants even in cases where fruits and seeds are infective. The growing 
embryo generally absorbs nutriment through specially developed 
haustoria which ramify between the cells of the maternal tissue. The 
detailed structure and performance of these haustoria varies from 
species to species, but usually there seems to be no protoplasmic con- 
nexion between the young embryo and the tissues of the parent. If the 
virus were present in the embyro prior to fertilization, it would be 
expected to multiply rapidly in the meristematic tissue of the developing 
embryo. If it were not present prior to fertilization, unless it were 
brought by the pollen tube, it would be unable to reach the embryo later. 

Any evidence as to the movement of virus within the host must of 
necessity be circumstantial. The plasmodesms constitute an obvious 
route for the passage of particulate substances from cell to cell of the 
parenchymatous ground tissue of the plant. That no evidence of the 
presence of virus could be found in cells having no protoplasmic 
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connexion with virus-containing cells, suggests that the plasmodesms 
are indeed the path taken by the virus. 

Summary 

Although intracellular inclusion bodies may occur in every cell over 
large areas of the epidermis, they have not been found in the guard cells 
of the stomata. No protoplasmic connexions could be shown to exist 
between the guard cells and the surrounding tissues. These findings 
suggest that, owing to the absence of plasmodesms, the virus is unable 
to reach the guard cells. Support is lent to the view that, when the virus 
moves in the ground tissue of the host, it is carried from cell to cell along 
the protoplasmic bridges. 
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EXPLANATION OF PLATE XXI 

Photomicrographs were taken with a Leitz **Makam” camera using a Leitz OL objective 
and a Leitz 10 x periplanatic ocular. Magnification 460 x . 

Fig. 1. Epidermis of Sohnum nodiflorum showing large intracellular inclusions. There 
are no inclusions visible in the guard cells of the stomata. (Fixed, Camoy’s fluid; 
stained, Feulgen and orange G.) 

Fig. 2. Epidermis of tomato. Plasmodesms are shown between adjacent epidermal cells, 
but not between the guard cells and the epidermis. (Crafts’s technique.) 

Fig. .3. Epidermis of Sohnum Tiodiflorum, Protoplasmic strands connect the cytoplasm 
of adjoining cells, but the guard cells are isolated. (Crafts’s technique.) 

Fig. 4. Epidermis of Solanum nodiflorum. Protoplasmic strands are seen in the swollen 
walls. (Crafts’s technique.) 
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THE HISTOLOGY OF THE NECROTIC LESIONS 
INDU(JED BY VIRUS DISEASES 

By F. M. L. SHEFFIELD, M.Sc., Ph.D., F.L.S. 

Department of Plant Pathology ^ Rotharnsted Experimental Station^ 
Harpenden, Herts 

(With Plates XXXIV and XXXV) 

Introduction 

Many viruses produce widely differing symptoms in different hosts. 
Some, which generally result in a systemic infection may, in a few hosts, 
induce the production of local necrotic lesions. Tobacco mosaic disease 
and aucuba (or yellow) mosaic of tomato produce a local necrosis in 
Nicotiana glutinosa although cucumber mosaic and Hy. TTI disease cause 
mottling in this same host. To produce systemic infection, the virus 
spreads from the seat of inoculation throughout the tissues of the host 
and into the primary meristem where it interferes with the normal 
development of the plant tissues (<>). In tobacco, some diseases (e.g. 
aucuba mosaic) may induce local necrotic lesions on the inoculated leaf 
but the disease later becomes systemic. When necrotic lesions are pro- 
duced in N. glutinosa or in the bean the virus is confined to a relatively 
small number of cells surrounding the seat of inoculation. These cells 
die, necrosis becoming macroscopically visible about 2 days after inocu- 
lation. Such lesions have proved of considerable importance in this field 
of pathological research, as they provide a quantitative test for the 
viruses producing them. It seemed desirable, therefore, to discover the 
special peculiarities in the behaviour of the host which result in the 
isolation of the virus within local necrotic areas. 

Material and methods 

Juice was extracted from macerated leaves of tomato or tobacco 
plants infected with aucuba mosaic disease. A dilution of one part of 
this crude juice in two parts of water was used to inoculate the leaves 
of N . glutinosa plants. The juice was rubbed with the index finger on 
to one-half of each leaf, care being taken to injure nothing but the hairs. 
The unrubbed halves of the leaves were used as controls. Generally, 
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the virus was rubbed on to the adaxial surface of the leaf. As the work 
developed, it became necessary to inoculate a few leaves by rubbing 
the lower surface. As controls, leaves were rubbed with healthy juice 
and others with water. 

Small strips cut from each half of each leaf were later fixed. In the 
summer under good growing conditions when the lesions became macro- 
scopically visible in less than 2 days, fixations were made at intervals 
of 12, 24, 48 and 72 hours after inoculation. 

A large number of fixatives was tried and of these, Zenker’s, Champy’s, 
Regaud’s and LaCour’s fluids were selected for further work. Owing to 
the waxy nature of the leaves and to the hairs on the surface, difficulty 
was experienced in making the leaves sink into the fixing fluid. This was 
to some extent overcome by immersing them in Carnoy’s fluid for about 
1 min. prior to using the appropriate fixative. The fixing bottles were 
then placed under an exhaust pump until the material would sink in 
the fluid. 

After fixing the material was washed in running water, dehydrated 
in ethyl alcohol, cleared in cedar wood oil and embedde<l in paraffin wax 
of melting-point 52° C. Sections were cut at a thickness of fi- \^>ix and 
were variously stained. 

Description 
The normal leaf 

In transverse section the healthy leaf of (jhtinom (PI. XXXIV, 
fig. 1) shows a single row of closely packed, elongated, thin- walled 
palisade cells towards the upper surface. Below this are several layers 
of parenchymatous cells forming a meshwork with large intercellular 
spaces. Each surface is bounded by a highly cuticularized epidermis. 
The majority of the stomata are on the lower surface of the leaf where 
they are in direct connexion with the large air spaces of the spongy 
parenchyma. The surface of the leaf is protected by hairs which appear 
to be more numerous on the upper than on the lower side. Each hair 
grows out from an enlarged epidermal cell and consists of about four 
elongated cells tapering towards the apex. The w'alls of the hairs are 
strongly cuticularized. 

The developmeM of the lesions 

Under good growing conditions lesions become evident on the dorsal 
surface of the leaves about 48 hours after inoculation. Minute, slightly 
sunken, dried patches of epidermis are visible on the lower surfiice a 
few hours previously. The spots do not all develop simultaneously, their 
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numbers being found to increase over several days. At first, the lesions 
appear as small, colourless shiny patches. For several days they increase 
in size, at the same time becoming dry and assuming a brown colora- 
tion. 

The first reaction to the virus may become microscopically visible 
after 12 hours but more usually no abnormality is apparent until 
24 hours after inoculation. The first visible evidence of infection is the 
appearance of a strip of dark staining material between certain of the 
cell walls. Occasionally, this band may first appear between the palisade 
cells, spreading rapidly downwards from towards the upper to the lower 
side of the leaf. More frequently the band is first formed between the 
cells of the lower epidermis and those of the spongy parenchyma 
(PL XXXIV, figs. 2 and 4). 

The virus enters a leaf through hairs which were broken by rubbing (8). 
However, lesions do not always develop immediately below a broken 
hair. Presumably the virus may travel a short distance across, as well 
as through the leaf, before any reaction is shown. The dark staining disc 
is at first apparent over only two or three cells, but it rapidly spreads 
until it covers a hundred or more (PI. XXXIV, fig. 4), completely cutting 
off the epidermis from the spongy parenchyma. 

At the same time as this band is forming, mitosis occurs in the cells 
immediately within it. All stages in nuclear division from the prophase 
to the presence of two daughter nuclei within one cell were found 
(PI. XXXV, figs. 1-4). Karyokinesis appeared to be normal, but no 
evidence of cytokinesis was found. At the telophase, no cell-wall forma- 
tion was seen, and binucleate cells are of fairly frequent occurrence in 
the areas which are becoming necrotic. Mitosis usually occurs in the 
cells immediately within the epidermis (PI. XXXIV, figs. 2 and 4 and 
PI. XXXV, figs. 1-4) but it is sometimes more deep seated (PI. XXXIV, 
figs. 6 and 7). 

The necrotic disc has now isolated the epidermis, and the cells, being 
cut off from their supplies of nutriment, are drying up. The band begins 
to branch upwards towards the upper surface of the leaf (PI. XXXIV, 
figs. 5-7). It ramifies between the cells of the parenchyma, ultimately 
penetrating through to the upper surface. As each cell is isolated it dies 
and dries out. Finally the whole lesion becomes dry and consists essen- 
tially of a meshwork of the dark staining necrotic material (PI. XXXV, 
fig. 7). 

That the changes described are all due entirely to the interaction of 
the vims and the host is shown by the examination of the control 
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material. When leaves were rubbed with water or with healthy plant 
juice, the only abnormalities found were broken hairs, there was no 
stimulation to mitosis nor was there any tendency to the formation of 
the dark staining disc. 

Experiments were made to determine the nature of the necrotic 
material. The peculiarity of its first appearance being usually towards 
the lower surface where there are large intercellular spaces and many 
stomata suggested that it might be a product of oxidation. Two experi- 
ments were therefore made. 

Three leaves were taken on each of six plants. Half of each leaf was 
rubbed with virus extract in the usual way on the upper surface. The 
other half was rubbed on the lower surface with the same extract. Both 
sets of lesions developed simultaneously. It was evident that placing 
the virus near the seat of the first visible reaction in no way hastened 
that reaction. There was, however, a difference in the numbers of lesions. 
A total of 2872 developed on the halves rubbed on the upper side, whilst 
rubbing the lower side resulted in only 1526 spots. This is probably due 
to there being fewer hairs on the lower surface of the plant. It also 
refutes the suggestion (2) that the virus enters through the stomata. As 
there are more stomata on the lower than on the upper surface, if the 
virus entered through them, the greater number of lesions would be 
expected to develop on the ventral surface. 

Virus extract was then rubbed over the whole dorsal surface of some 
leaves. Immediately vaseline was smeared over half of the lower surface 
of each inoculated leaf. No difference could be discerned in the develop- 
ment of the lesions on the two halves of the leaves. These experiments 
indicated that the larger supply of air available near the lower surface 
is not essential to the rapid formation of the necrotic material. 

This material is yellow in colour and on casual examination appears 
to have an affinity for basic dyes. Critical examination of stained pre- 
parations shows it to consist of large numbers of slightly elongated 
minute particles embedded in a matrix (PL XXXV, figs. 5 and 6). The 
particles are basophilic but the matrix stains with acid dyes. 

As the substance appears first within the cell wall, it was thought 
that it might be of a pectic nature. Microchemical tests with ruthenium 
red and methylene blue on hand sections of fresh material and on micro- 
tome sections of fixed material lent no support to this view, nor did the 
substance react to treatment with pectinase. It proved to be insoluble 
in strong concentrated acids and in caustic alkalis. No positive reactions 
could be obtained with any of the more common reagents such as 
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Millon’s, Sudan III, chlorzinc iodide, phloroglucin, ferric chloride, re- 
sorcin blue, etc. 


Discussion 

That all living cells are capable of division has for some time been 
realized (1,4). After wounding, a cambium may be formed across the 
cells of the most varied tissues in a layer near the surface of the wound. 
Meristems are formed also in response to fungal or bacterial infection. 

In Nicotiana glutinosa^ cell division normally ceases when the leaf is 
less than 1 cm. in length. Cell differentiation then commences and further 
growth is due entirely to enlargement of the cells. The leaves at the time 
of inoculation are about 10 cm. long and cell division has ceased 2 or 
3 weeks previously. At the time of inoculation the spongy parenchyma 
cells are large and vacuolate and the nuclei are relatively small. It is 
obvious that without some external stimulus, no further division would 
occur. The necessary stimulus is supplied by rubbing the surface of the 
leaves with virus. That the mitosis is not a wound reaction is shown by 
the examination of leaves rubbed with water or with juice extracted 
from healthy plants. Such leaves fail to reveal any nuclear divisions, 
suggesting that the stimulation is provided directly or indirectly by the 
virus. Possibly this unusual mitosis is an attempt by the host to isolate 
the etiological agent of the virus disease by hyperplastic growth, and 
the cells are overcome by necrosis before new growth can occur. Or, 
possibly, the virus causes chemical reactions in the cells which produce 
the necrotic material and the products of reaction stimulate the nuclei. 
It is known that small doses of toxic substances often cause excitation 
of the cell contents (7). 

It seems most probable that the mitosis is directly due to stimulation 
set up by the virus. In a number of solanaceous hosts infected with 
systemic diseases it has been found that the first symptom of the virus 
to become microscopically visible is a stimulation of the cytoplasm(5, 7). 
In these cases nuclear division is not found. The woody disease of Passi- 
flora edulis caused by a virus (i) results in abnormal formations through 
hypertrophy of the pericarp. In sugar beet infected with curly-top 
disease, cells adjacent to lesions are stimulated to growth and division (3). 
The occurrence of karyokinesis as the lesions develop in Nicotiana 
glutinosa seems to be a parallel case of direct response to the stimulus 
of the virus. 

The necrotic band formed between the cells may be due to the in- 
creased and abnormal metabolism causing exudation of waste products 
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from the cells. The necrotic material may cause sufiocation of the tissues 
within it by preventing free interchange of gases with the atmosphere 
and so preventing the continuation of cell division, or the necrotic 
materials may be toxic to the cells. 

When the virus first enters the leaf it obviously multiplies and travels 
rapidly through the cells. The response of the host is even more rapid, 
free interchange of materials between the infected cells and the sur- 
rounding tissues is soon prevented by the necrotic barrier. The virus is 
isolated within a relatively small area of the leaf within about 48 hours 
after infection. 


Summary 

About 12 hours after a leaf of Nicotiam glutinosa is inoculated with 
aucuba mosaic disease a band of necrotic material begins to form within 
the cell wall, usually between the lower epidermis and the spongy 
parenchyma. This band extends both laterally and towards the upper 
side of the leaf. At the same time, nuclear division is observed in the 
spongy parenchyma cells, but karyokinesis is not followed by cell division. 
As the necrotic meshwork extends the cells within it die and dry out. 
After about 3 days, the lesion consists of a meshwork of this necrotic 
material. The cells are all dead and the virus is isolated within the 
necrotic area, all interchange between the infected and healthy parts 
of the leaf having been prevented. 

I am indebted to Fraulein Lina Cunow for assistance in making the 
preparations used in this study. 
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EXPLANATION OF PLATES XXXIV AND XXXV 

All photomiorographs were taken with a Leitz “Makam” oamera. Leitz objeotiveB 
3 ft or 6 L achromatic or 2 mm. apochromatic (N.A. 1*4) were used in combination with 
Leitz periplanatio oculars x 10 or x 6. 

A Leitz “Monla” lamp, suitably screened with Wratten colour filters, was employed 
as the source of illumination. 

The fixative and the stain used in making the preparation, together with the colour 
filter used to take the photograph, is given in brackets after the description of each figure. 

PLATE XXXIV 

Fig. 1. Transverse section of normal leaf of Nicotiana glutinosa showing single layer of 
palisade tissue and several layers of spongy parenchyma. The leaf is surrounded by 
a cuticularized epidermis, x 280. (Lacour. Safranindight green. Orange 22.) 

Fig. 2. 24 hours after inoculation. Transverse section of leaf showing early formation of 
necrotic material within the lower epidermis. Mitosis is occurring in a cell imme- 
diately within the necrotic band, x 280. (Zenker. Chystal violet-erythrosin. Green 68.) 
Fig. 3. 24 hours after inoculation. Transverse section of leaf showing early formation of 
necrotic material, x 280. (Zenker. Safranin-light green. Green 66 and blue 45 A.) 
Fig. 4. 48 hours after inoculation. The necrotic disc is extending laterally. Mitosis occurs 
in the cells immediately within the band, x 140. (Zenker. Safranin-light green. 
66 and 45 A.) 

Fig. 5. 48 hours after inoculation. The necrotic material extends upwards through the 
leaf. X 140. (Zenker. Safranin-light green. 66 and 46 A.) 

Fig. 6. As fig. 6. Mitosis occurs in more deep-seated cells, x 460, (Zenker. Safranin- 
light green. 66 and 45 A.) 

Fig. 7. 48 hours after inoculation. The necrotic material has spread almost to the upper 
surface of the leaf. Mitosis occurs in the upper epidermis. x460. (Zenker, Safranin- 
light green. 66 and 45 A.) 

PLATE XXXV 

Fig. 1. 48 hours after inoculation. Metaphase in a cell within the necrotic disc, x 900. 
(Zenker. Safranin-light green. 66 and 45 A.) 

Fig. 2. 48 hours after inoculation. Anaphase in a cell within the necrotic band, x 900. 
(Zenker. Safranin-light green. 66 and 46 A.) 

Fig. 3. 48 hours after inoculation. Telophase in a cell within the necrotic band, x 900. 
Zenker. Safranin-light green. 22.) 

Fig. 4. 48 hours after inoculation. Two daughter nuclei within one cell within the necrotic 
disc. X 900. (Zenker. Safranin-light green, 66 and 45 A.) 

Figs. 5 and 6. 48 hours after inoculation. High power photographs of the necrotic material 
show it to be of a particulate nature, x 900. (Zenker. Crystal violet-erythrosin. 22.) 
Fig. 7. 72 hours after inoculation. Transverse section of leaf passing through a necrotic 
lesion, x 84. (Zenker. Safranin-light green. 66 and 46 A.) 
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The Isolation and some Properties of Liquid 
Crystalline Substances from Solanaceous 
Plants infected with Three Strains of 
Tobacco Mosaic Virus 
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(Communicated by Sir Frederick Oowland Hopkins, O.M,, F.R,S . — 
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[Plates 12, 13] 

Tobacco mosaic was the first disease shown to be caused by a filter- 
passing virus, and Beijerinck (1898) suggested as its cause a ‘‘contagium 
vivum fluidum”. Since then many other theories have been advanced, but 
there has been little positive evidence to indicate whether the virus more 
nearly resembled organisms such as small bacteria or chemical molecules 
such as the larger proteins. Recently, however, Stanley has isolated from 
tobacco (1936a) and tomato (Stanley and Loring 1936) plants suffering 
from mosaic a protein which he describes as crystalline and as possessing 
the properties of the virus. When susceptible plants were inoculated with 
this protein at a dilution of 10“® they developed typical symptoms of the 
disease. The protein was obtained from infective sap by repeated pre- 
cipitation with 40 % saturated ammonium sulphate solution, and by 
adsorption on and washing from celite. The “crystals” described by 
Stanley were small needles produced by precipitation with acid ammonium 
sulphate. 

A number of statements in Stanley’s earlier paper ( 1 93 5 a), more especially 
those dealing with the nitrogen content and the serological activity, made 
us doubt the purity of his product, and preliminary experiments with 
methods similar to those used for the preparation of suspensions of potato 
virus “X” (Bawden and Pirie 1936) gave us products with much higher 
precipitation end-points with antisera than those claimed by Stanley. We 
have now exchanged material with Dr. Stanley and find no gross differences 
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in the activities of our respective products. We have found, however, that 
by further purification the protein in neutral solution can be obtained in 
liquid crystalline states. Also, as will be shown later, there are considerable 
differences in the chemical descriptions given of the virus protein; some 
of these differences have already been resolved, and others presumably 
will be by future work. 


Virus Strains used 

Tobacco mosaic virus is known to exist in a number of strains which 
possess similar properties in vitro, e.g. resistance to ageing, temperature, 
etc., yet differ from one another in the ease with which they can be 
transmitted to different hosts and in the type and severity of symptoms 
they cause in infected plants. We have worked with three such strains and 
have isolated liquid crystalline proteins from various plants infected with 
each. Irrespective of the host plant from which it was obtained, inoculation 
of the isolated protein to susceptible plants caused a disease characteristic 
of the particular virus strain used, and from such infected plants more of 
the same protein could be isolated. 

The three strains used were a mild strain of the common tobacco mosaic 
virus, aucuba mosaic virus and Enation mosaic virus. The first was 
derived from a single local lesion on Nicotiana glutinosa produced by 
inoculating with diluted sap from a plant infected with Johnson’s tobacco 
virus 1. The second was kindly provided by Dr. F. M. L. Sheffield and the 
third by Dr, G. C. Ainsworth. The symptoms produced by each strain 
vary with the age and conditions under which the host plants are grown. 
Those briefly described below are characteristic of plants growing under 
good light conditions in an insect-proof glasshouse at an average tem- 
perature of 70 ° F. 

The strain of tobacco mosaic virus used causes in tobacco (vars. White 
Burley and Turkish) a preliminary clearing of the veins, followed by a 
general green-type mottling, with a few darker green blotches around the 
veins and occasional small yellow flecks. In tomato (var. Kondine red) 
it causes a general faint mottle and no deformation of the foliage ; in old 
plants symptoms are often completely masked, so that the hosts behave 
as carriers. 

Symptoms of aucuba mosaic have been described in detail by Henderson 
Smith (1928). In tomato and Solanum nodiflorum, the hosts used most in 
this work, they consist of a brilliant yellow mottle. Tobacco also was used 
but was not a convenient host because of the difficulty in getting uniform 
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results. On large tobacco plants no systemic infection was obtained: the 
inoculated leaves developed severe necrotic local lesions, but the un- 
inoculated leaves remained healthy. Systemic infections were usually 
obtained in small seedlings, and these showed a bright yellow mottle, 
but they were so crippled by the disease that they yielded only small 
amounts of sap. 

The hosts used for Enation mosaic virus were tobacco and tomato. 
Inoculated tobacco plants developed severe necrotic local lesions similar 
to those caused by aucuba mosaic virus, and, unless the plants were small, 
usually did not all become systemically infected. Those that did become 
infected showed symptoms similar to, but rather more severe than, the 
symptoms of plants infected with tobacco mosaic virus. On tomato, 
however, the disease caused by this strain is quite characteristic. Infected 
tomato plants developed a general mottle. The leaves were severely 
deformed and much dwarfed, often consisting of little more than the main 
veins, so that the picture obtained was ty])ical “Fern-leaf’. The under- 
surfaces of the leaves frequently developed leafy outgrowths, the so-called 
enations, which vary in size from minute ridges to large leafy frills 
(Ainsworth 1935). 

Although the symptoms produced by the three virus strains have 
remained reasonably constant, it is not thought that each source necessarily 
contains only one strain. Indeed, it is more probable either that the 
sources are not pure or that they are continually mutating, for, from the 
yellow flecks appearing in the tobacco mosaic plants, material for an 
inoculum could be obtained that caused a general, bright yellow mottle in 
tobacco. This phenomenon has been fully described by Jensen (1933). 

All three virus strains produce necrotic local lesions in Nicotiana 
glutinosa. They are serologically related, and all three are neutralized 
in vitro by, and precipitate with, the serum of rabbits immunized against 
the sap of plants infected with tobacco mosaic virus. Further, tomato 
plants infected with tobacco mosaic virus were found to be immune to 
further infection with either aucuba mosaic or Enation mosaic viruses. 


Activity of the Purified Virus Preparations 

Liquid crystalline proteins have been isolated from all the plants 
affected with the diseases described, and the kind of protein isolated was 
found to depend entirely on the virus strain and not at all on the host 
plant used. The activity of the proteins was tested in two ways: (1) for 
their infectivity, and (2) for their precipitation end-point with the serum 
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of rabbits immunized by a course of intraperitoneal injections with crude 
sap from plants infected with the tobacco mosaic virus. As with potato 
virus ‘‘Z” preparations, the two methods of measuring activity agreed 
quantitatively only when the preparations which were being compared had 
been treated similarly before they were tested (Bawden 1935 ), 

Infectivity tests were made by the local-lesion method. At first both 
N. glutinosa and Golden Cluster beans were used, but as under the glass- 
house conditions at Rothamsted the beans proved both less sensitive and 
more variable, in later work only N. glutinosa was used. The number of 
local lesions produced by the same purified virus preparation varied con- 
siderably with the age and condition of the host plant, and with the 
position of the inoculated leaves on the stem. In determining the efiect of 
dilution in individual experiments the host variation was reduced to a 
minimum by arranging the inoculations in the form of Latin squares. 
Each dilution was inoculated once to each plant and once to a leaf occupying 
the same relative position on the stem. When two virus preparations w^ere 
being compared over a range of dilutions the Latin square was split for 
half-leaf comparisons, solutions of the same concentration being inoculated 
to opposite halves of the same leaves. The inoculations were made with 
ground-glass spatulae, and the fluids were nibbed as evenly as possible 
over the leaves. In the infectivity tests dilutions w^ere made in 0 -lM 
phosphate buffer at pH 7, and in the serological tests in 0-85 NaCl solution. 

The precipitation end-point determinations were made in 7 mm. thick- 
walled glass tubes, LO c.c. of antiserum at a dilution of 1 in 50 being added 
to a series of tubes each containing LO c.c. of i)rotein solution at various 
concentrations. The tubes were immediately placed in a water-bath at 
50° C. with fluid columns half-immersed to ensure complete mixing by 
convection currents. Readings were made after 24 hours, the first twelve 
being at 50° C. and the second at room temperature. The end-point was 
taken as the amount of protein in the tube containing the smallest pre- 
cipitate visible to the eye. 

The results of a few such tests on purified virus preparations before and 
after drying over PgOg are given in Table I. 

The infectivity of our preparations is of the same order as that obtained 
by Stanley ( 1936 a) with tobacco mosaic virus, but the serological activity 
is from 50 to 100 times as great, for Stanley obtained precipitates with 
1/10® g. but not with l/ 2 xl 0 ®g. In a recent paper on aucuba mosaic 
virus ( 1937 ) Stanley states that “solutions containing slightly less than 
1 / 10 * g./c.c. may give the precipitin test . . .but that at such high dilutions 
the determinations are not reproducible at wiir’. Stanley does not give 
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the methods used in his tests, and it is therefore difficult to account for 
these differences. Using the method described above, the serological titres 
of from 1/10® to 1/10’ with our preparations are readily reproducible. With 
the more highly purified virus preparations to be described later pre- 
cipitation end-points of 1/10’ are common, and repeated tests on the same 
preparation give quite constant results. The serological titre is a reliable 
index of the antigen content of a solution, for not only are the results 
obtained reproducible but the end-point is relatively independent of the 
concentration of antiserum used. All the tests reported in this paper were 


Table I--Activity of the Purified Virus Preparations, 

BEFORE AND AFTER DrYINO OVER PgOg 


Serological ^ 


Virus 

titre 

10-* 

Tobacco mosaic undried 1/6 x 10* 

125 

Tobacco mosaic dried 

1/2 X 10* 

103 

Tobacco mosaic undriod 1/8 x 10* 



Tobacco mosaic dried 

1/4 X 10« 

— 

Tobacco mosaic undried 1/8 x 10* 

208 

Aucuba mosaic undried 

1/10’ 



Aucuba mosaic dried 

1/4 X 10* 

— 

Aucuba mosaic undried 

I/IO’ 

105 

Enatioii mosaic imdried 1/6 x 10* 

176 

Enation mosaic dried 

1/2 X 10* 

104 

Enation mosaic undried 1/5 x 10® 

149 


Infectivity on N. glutinoaa 
Average no. of lesions per half-leaf 
at various dilutions 


10-* 

10“« 

10-’ 

10-» 

10-® 

10-10 

44 

19 

2-4 

1-3 

0*14 

0 

22 

9 

1-6 

0*3 

0*14 

0 

90 

37 

6 

2 

0-4 

0-2 

56 

29 

3 

0-3 

0*14 

0 

120 

28 

3 

1 

0-25 

0125 

71 

16 

3-5 

0-5 

0-16 

0 

42 

6 

1-3 

016 

0-16 

0 

70 

17 

3 

0-2 

0 


76 

13 

1-33 

0-6 

0-16 

— 

47 

9 

0-66 

0-66 

0 

— 

36 

4 

0-6 

0-2 

— 




Footnote to Table I . The serological titre is the number of grams in 1 c.c. of a 
solution that gives a visible precipitate after 24 hr. with 1 c.c. of antiserum at 1 in 60. 
Dilutions in the infectivity tests are given as grams per c.c. The infectivity tests 
were arranged in the form of split Latin squares with from six to nine replications, 
i.e. 1 c.c. at each concentration was rubbed over from six to nine half -leaves. 


made with antiserum at a dilution of 1 : 60, but deviations from this figure 
affect only the position of the optimal precipitation point and have no 
appreciable effect on the precipitation end-point of a virus preparation. 

The infectivity tests, however, give much less constant results. The 
number of local lesions obtained depends largely on the host plant, and 
can be altered by varying the conditions under which the plant is grown. 
Repeated tests on the same virus preparation have given infection end- 
points varying from 1/10® to 1/10^^ The relationship between dilution and 
infectivity is rarely a linear one, but the range over which the fall in the 
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number of lesions is most nearly proportional to dilution is from 1/10® 
to 1/10®. 

No large differences between the activities of preparations of the 
different virus strains have been noticed, but accurate comparative 
infectivity experiments have not been made. All the precipitation end- 
point determinations were made with antiserum to tobacco mosaic virus, 
and with this the preparations of Enation mosaic virus have given slightly 
lower serological titres than have those of the other two strains. 

Purified preparations of all three strains are antigenic, and antisera have 
been prepared against each. Each virus precipitates with and is neutralized 
in vitro by all three antisera. From the results of preliminary cross- 
absorption experiments, however, it seems probable that although the 
three are serologically related they are not antigenically identical, and 
that each contains specific as well as common antigens. 

It is still not proved that the liquid crystalline proteins, which we shall 
describe, are the viruses, for it is not possible to state that our preparations 
contain only particles capable of infecting susceptible plants.The infectivity 
results show that solutions must contain about 10“"® g. of protein per c.c. 
to cause infection by the methods used. This weight of protein would 
represent a large number of virus particles. As the amount of virus 
required to produce a given number of local lesions varies with individual 
plants (and with the conditions under which they are grown) it is possible 
that a natural resistance of the plant has to be overcome before infection 
can occur, and a large number of particles may be necessary to do this. 
Also, the method of inoculation is relatively crude and there must be a 
large wastage of inoculum on the leaf surface. However, until infection 
can be obtained with much less protein, we are unable to see how conclusive 
evidence that the protein is virus can be obtained. 

The serological results show that our preparations have precipitation 
end-points similar to those given by the more highly purified antigens; 
from the serologist’s point of view, therefore, they may perhai)s be regarded 
as relatively homogeneous. The purified virus preparations do not pre- 
cipitate with the serum of rabbits immunized against either healthy 
tobacco sap or against sap of plants infected with viruses not related to 
tobacco mosaic virus. There is a great deal of circumstantial evidence 
indicating that the extra antigens in virus-infected plants may be the 
viruses themselves, but this again is not proved. There is a possibility that 
the antigens we have isolated are not the viruses but abnormal proteins 
produced as a result of the disease and contaminated with small amounts 
of virus. We consider this improbable, but there is no conclusive evidence 
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against it. With potato virus ‘‘X” it has already been shown (Bawden 
1935; Bawden, Pirie and Spooner 1936) that antigenicity can be dis- 
sociated from infectivity by chemical treatment, and Stanley (19366) 
recently obtained similar results with tobacco mosaic virus. We have found 
with our preparations of tobacco mosaic viruses that severe treatments 
such as heat, strong acid or alkali destroy their infectivity, antigenicity 
and crystallinity, whereas less severe treatments, such as nitrous acid or 
subjection to X-rays, may destroy infectivity without affecting antigenicity 
or crystallinity. 

The data from centrifuging experiments and X-ray measurements, which 
will be described later, suggest that our preparations consist solely of 
particles that are very similar to one another in size and shape. The 
chemical evidence shows that successive isolations of protein agree with 
each other closely, and that the chemical properties are not changed by 
further fractionation. It is reasonable to assume, therefore, that if all the 
particles in our preparations are not virus particles capable of infecting 
plants, they are at least similar to virus particles in their superficial 
properties. We have no evidence that virus activity can be dissociated 
from the isolated proteins, and for simplicity shall refer to them as virus. 
Vft shall assume, however, that the reservations stated above are remembered 
when, in th£ remainder of this paper, we speak of our product as virus. 


Preparation 

Infected leaves are minced in a meat mincer and the sap expressed in 
a hand press. The sap can usually be clarified by centrifuging immediately, 
but sometimes it clears more easily if allowed to stand overnight or if it 
is first adjusted to about pH 5 * 2 . Alternatively, it may be clarified by 
filtration through celite or Kieselguhr. The procedure we adopt for the 
isolation varies somewhat according to the state of the sap, but the method 
given in detail below can be used successfully with all types of sap we have 
yet encountered. With sap from young plants which have not long been 
infected, however, it is possible to shorten the process considerably. 

One volume of alcohol is added to the clarified sap, and the greyish 
brown precipitate is centrifuged off immediately. The precipitate contains 
all the virus: there is evidence, which we shall present later, that this 
precipitation leads to an irreversible aggregation of the virus particles. 
The final product, therefore, is not strictly in the same state as the virus 
in the plant sap. This aggregation, however, is at present unavoidable, for 
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a similar aggregation follows precipitation with acid and with ammonium 
sulphate, and we have no other effective means of isolation. 

Attempts to isolate the virus by high-speed centrifugation or by filtration 
on collodion membranes have not as yet given products with a serological 
activity comparable with that of the preparations described below. 

The alcohol precipitate is suspended evenly in from five to six times its 
volume of water and again centrifuged. The first extract contains little or 
no virus and is discarded. The extraction of the precipitate is now repeated 
until a sample of the extracts no longer gives a precipitate with phthalate 
buffer at pR 3-3. From six to eight washings are usually necessary to 
remove all the virus from the chocolate-coloured residue. The collected 
supernatant fluids are now brought to about pH 3-3 by the addition of 
N/10 HCl. A white precipitate with a very characteristic satin-like sheen 
is produced, and this is centrifuged off. This precipitate is now suspended 
in water and dilute NaOH added to bring the pH to 7, when the fluid is 
again centrifuged until clear. The darkly coloured precipitate is discarded, 
and a third of a volume of saturated ammonium sulphate solution is added 
to the supernatant. This again produces a precipitate with a sheen and, 
after centrifuging, a yellow-coloured supernatant liquid which is discarded. 
The precipitate is taken up in water and again precipitated by adding a 
third of a volume of saturated ammonium sulphate solution. 

The precipitate is now dissolved in water, using about 50 c.c. for the 
amount obtained from a litre of sap, and N/10 HCl is added to bring the 
pH to 3-3 (measured with bromophenol blue). This usually requires about 
4-5 c.c. of acid. The precipitate is centrifuged off, resuspended in water and 
again centrifuged. The precipitate is now dissolved in N/50 NaOH, diluted 
to 50 c.c. and centrifuged if not quite clear. The neutral solution is now 
again brought to pH 3-3 and the precipitate centrifuged off. The precipitate 
is now relatively free from salts, and in this condition the material is 
soluble at pH 3*3, i.e. in N/200 HCl. 0-5 c.c. of N/20 HCl is therefore added 
to the precipitate and the mixture is stirred until it is homogeneous. When 
diluted to about 50 c.c. M'ith water, a clear or slightly opalescent solution 
is obtained from w^hich a little impurity can usually be removed by 
centrifuging. The virus itself, giving the characteristic satin-like sheen, 
can now be precipitated from the solution merely by adding 0*5 c.c. of 
10% NaCl solution. Alternatively, the virus can be precipitated from the 
salt-free solution by adding enough dilute NaOH to bring the pH to 
about 4. The precipitate obtained in this way, however, seems to be 
amorphous. 

The salt-free precipitate is then dissolved in enough dilute NaOH to 
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give a solution at about pK 6*5. Such a solution remains active for months 
when kept cold. If kept at room temperature it should be protected from 
evaporation, but it is unnecessary to adopt strict sterile precautions for 
periods of a few days, as bacteria and moulds do not grow at all readily 
in these solutions. 

Solutions prepared in this way should be nearly colourless and slightly 
opalescent. Preparations of the three different strains show no consistent 
differences, although different batches of the same virus strain may vary 
considerably in appearance if they contain different amounts of impurities. 
The preparations, if not weaker than about 4%, should separate into two 
layers after standing for some time. Each layer is liquid and contains 
virus, but the lower is both a stronger solution and also contains less 
impurity than the upper. This phenomenon and its application to further 
purification will be more fully described later. 

Some preparations at this stage are still coloured, and on standing will 
not separate into layers. If the pigmentation is noticed early on in the 
preparation, or on a preliminary sample, a great improvement can be made 
by repeating the precipitation with alcohol on the eluate from the first 
alcohol precipitate. If, however, the virus has already been precipitated 
with acid it can no longer be precipitated with 50% alcohol, for this 
precipitation depends on the presence in the fluid of certain other plant 
constituents, particularly calcium salts. We have sometimes further 
fractionated an impure sample of virus by precipitation with 50 % alcohol 
in the presence of added calcium chloride, but after such treatment it is 
often difficult to get the virus back into solution. 

Coloured virus preparations that will not layer can, however, always be 
further purified by incubation with trypsin. Solutions containing about 
0*5-2 % of solids and 0*2 % of commercial trypsin with a drop of chloroform 
added as a disinfectant have been incubated at 37° C. and at pH 8 for from 
10 to 30 hr. This treatment has given invariably a product that becomes 
colourless after two to three further precipitations with acid and dilute 
ammonium sulphate solution. No differences have been noticed between 
material purified with trypsin and that prepared without, but the possibility 
that after treatment with trypsin the final product may be a complex 
cannot be excluded. The difference in size between the virus particle and 
the trypsin molecule is, however, so great that the combination of one 
molecule of the enzyme to one particle of the virus might well have little 
effect on the physical properties of the virus. 

The yield of purified virus obtained has varied from 1 to 2 g/1. of ex- 
pressed sap. The yield is greater from plants grown in the summer, and is 
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greatest from young actively growing plants that have been infected for 
about 3 weeks to a month. From such plants also it is easier to isolate the 
vfsnis, and all the steps described above are not necessary. The sap from 
young tobacco and tomato plants is not highly pigmented and the treat- 
ment with alcohol can be omitted, the virus being precipitated directly 
from the clarified sap with either acid or ammonium sulphate. The brown 
material (largely carbohydrate), which in the previous method is rendered 
insoluble by the alcohol, can now be removed by treatment with ammonium 
sulphate. Some is not precipitated with a quarter saturation, and some 
does not dissolve after precipitation. The ammonium sulphate precipitate, 
therefore, should be suspended in about two to three times its volume of 
water and centrifuged until only slightly opalescent in transmitted light. 
By reflected light the supernatant fluid should have an intense sheen. The 
virus can now be freed from the ammonium sulphate by repeated pre- 
cipitation with acid. 

In recent preparations we have found that a considerable saving can be 
effected by heating the crude infective sap to 70° C. before clarifying it. 
This produces a precipitate that aggregates quickly and can be removed 
by a few minutes’ centrifuging or by filtration. This treatment not only 
clarifies the sap much more readily than the other methods but it also gets 
rid of considerably more of the plant constituents. After heating, the virus 
can readily be isolated from the supernatant or filtrate by direct pre- 
cipitation with acid or ammonium sulphate, and the treatment with alcohol 
can safely be omitted. The yield resulting from this method is good, and 
when large quantities of sap are handled it is more convenient than the 
other methods. 


Analysis of the Purified Virus Preparations 

Dried neutral solutions of the three virus strains have analytical com- 
positions falling within the following range : 


Carbon 

% 

49-3-50 

Phosphorus 

0^ 

0-45-0-55 

Hydrogen ... 

7-2-7-4 

Ash 

1-5-30 

Nitrogen 

14-4-16-6 

Carbohydrate . . . 

2-5 

Sulphur 

0-24-0-59 




Part of the ash is produced by the sodium hydroxide used for the 
neutralization, but even after prolonged dialysis of the virus preparations 
at about pH 3*3 some ash remains. One gram of these proteins requires 
from 0*2 to 0*23 millimols of NaOH to take it from pH 3*3 to 6*5, and their 
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apparent equivalent weight is therefore about 4000. Phosphorus estima- 
tions were carried out by the Fiske and Subbarow method (1925) after 
incineration with sulphuric acid and perhydrol. This method was adopted 
after it was found that the Pregl method gave very unreliable results. TSie 
phosphorus content, however, haa been confirmed by precipitation both as 
phosphomolybdate and as ammonium magnesium phosphate. The carbo- 
hydrate estimations were made by an orcin method (Pirie 1936) based on 
that of Tillmans and Philippi (1929). No consistent differences have been 
noticed between preparations of the three different virus strains. 

When dried at pH 3*3 a preparation of Enation mosaic virus had the 
following composition: carbon 51*2%, hydrogen 7*1%, nitrogen 16*7%, 
sulphur 0*26%, phosphorus 0*51% and ash 1%. The figures for carbon, 
hydrogen and nitrogen fall within the range usual for proteins, and are 
similar to those published by Stanley (1936a) in his final paper on tobacco 
mosaic virus; then, however, he found neither phosphorus nor sulphur, and 
he makes no mention of carbohydrate. More recently (1937) he has agreed 
that his preparations of aucuba mosaic virus contain the amount of 
phosphorus and sulphur that we find, and it seems probable that further 
work will show that his tobacco mosaic virus preparations are very similar 
also. The sulphur contents of our preparations are variable. Although we 
have never had a preparation containing less than 0*2 % of sulphur it is 
possible that this may be an impurity, but it cannot be removed either by 
dialysis or by the prolonged centrifuging of a virus solution containing 
barium ions. Also, it follows the virus persistently through the various 
other purification processes that will be described. 

The phosphorus and carbohydrate contents of our preparations are very 
constant. They are unaffected either by prolonged dialysis in cellophane 
tubes against dilute acid or alkali, or by reprecipitation ten times with 
either acid or quarter-saturated ammonium sulphate solution. From 
precipitates with their antisera, and with papain and clupein sulphate, the 
viruses have been recovered with their full activity and with their phos- 
phorus content unaltered, and incubation with trypsin preparations rich 
in nuclease has no effect on the phosphorus content. All the treatments 
that we have tried which in no way inactivate the virus preparations leave 
the phosphorus content unaltered. Some treatments that do inactivate 
them, such as heating to 90® C. or exposure to strong acid or alkali, split 
off a nucleic acid or its breakdown products. Other treatments, however, 
that also inactivate them have no effect on the phosphorus content, e.g. 
nitrous acid, which destroys the infectivity without affecting the serological 
activity of the preparations, and drying, which affects both. We are 
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unable to agree with the statement of Stanley (1937) on aucuba 
BMNMk virus, that the nucleic acid is merely a contaminant and that it is 

illMlIitttial to activity. 

,r, 


Further Purification of the Virus Preparations 

It has already been stated that solutions containing more than about 
4% (rf the proteins, prepared as described above, after standing for some 
time will separate into two layers (fig. 1 , Plate 12 ). The two layers have 
diffiwent solid contents and different appearances, both when viewed by 
ordinary light and through crossed Nicol prisms. The upper layer is the 
more dilute, and if separated from the lower and further concentrated, 
eitlier by cautious evaporation in a vacuum or by precipitation with acid 
and resolution in a smaller volume of water, it will give more of the lower 
layer. Perhaps the simplest method of getting more lower layer is to freeze 
the upper-layer fluid in a centrifuge tube and then allow it to thaw while 
centrifuging. 

The upper layer is slightly opalescent by transmitted light, and behaves 
like a suspension of anisotropic rods or plates that can be orientated by 
streaming. The stationary upper-layer fluid merely rotates the plane of 
polarization of polarized light, but fluid in which the particles have been 
orientated changes plane-polarized light into elliptically polarized light; 
solutions of myosin give a similar but weaker effect (Von Muralt and Edsall 
1930 ). Those regions in the upper layer where there is a shear, and in which 
the particles are therefore orientated, become birefringent and are visible 
between crossed Nicol prisms; this is illustrated in fig. 2 , Plate 12 . 

The lower layer is spontaneously birefringent (fig. 1 , Plate 12 ); it may 
be perfectly clear by transmitted light, but it has a strong sheen by reflected 
light. The lower-layer fluid when separated from the upper can be mixed 
with a considerable volume of water and still be liquid crystalline if 
examined immediately in polarized light. A few minutes after diluting, 
however, it begins to change, and after standing for some time once more 
separates into two layers. The lower layer is again liquid crystalline, but 
now has a smaller solid content. Because of the small specific gravity 
differences involved the droplets of each layer move very slowly into the 
other, and it may take many hours for the interface between the two layers 
to become quite sharp (figs. 3 and 4, Plate 13). When the process of 
separation has started it can be accelerated by centrifuging, but the initial 
conversion of the unstable fluid into two layers proceeds faster if the 
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solution is allowed to remain quite still. The actual separation into 
also proceeds faster at 37° than at 0° C. 

The process of diluting a bottom-layer fluid and separating oS the neWi 
more dilute bottom layer can be repeated until the concentration of solid 
in the bottom layer is reduced to about 1*6% with tobacco mosaic virus 
and Enation mosaic virus. With aucuba mosaic virus the limiting diiuti(m 
is somewhat less, and the critical concentration is about 2*2%. lliese 
values probably have no absolute significance, and improvements in the 
methods of purification may lead to even lower figures. The critical con- 
centration at which a solution becomes spontaneously birefringent is 
dependent to some extent on the temperature, and dilute solutions that 
are liquid crystalline at 0° C. may lose this property at room temperature 
and regain it when cooled. 

In addition to being the more concentrated, bottom-layer material also 
seems to be the more pure, and the processes of dilution of bottom layer, 
which lead to a decrease in the concentration at which a virus solution will 
become spontaneously birefringent, usually also lead to an increase in the 
serological titre of the preparation. In general, however, there is no 
corresponding increase in the infectivity, suggesting that the units in the 
lower layer may possibly be larger aggregates than those in the upper, and 
there is no appreciable change in the analytical figures. Table II shows the 
results of three comparisons of the serological activity and the infectivity 
of top and bottom layers which separated from virus solutions prepared 
by precipitation with acid and ammonium sulphate. 

Table II—Activity of “Top” and “Bottom” Layers in Equilibrium 

Infectivity at various dilutions 
Average no. of lesions per half-leaf 
Serological . 


Virus 

Layer 

titre 

10-* 

lO-^ 

io-« 

10-^ 

Tobacco mosaic 

Top 

i/axio« 

165 

99 

23 

4 


Bottom 

1/10’ 

161 

80 

25 

2-6 

Aucuba mosaic 

Top 

1/6 X 10* 

144 

51 

24 

5 


Bottom 

1/10’ 

161 

74 

26 

4 

Enation mosaic 

Top 

1/3 X 10® 

75 

27 

6-5 

0-16 


Bottom 

1/6 X 10® 

72 

27 

7-6 

0-5 


Dilution given as weight of protein in grams per c.c. 

Towards the end of the process of diluting successive bottom layers the 
difference in concentration between the two layers in equilibrium becomes 
smaller and smaller, and with tobacco mosaic and Enation mosaic viruses 
may be only one part in a hundred when the concentrations are about 
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With more concentrated preparations the difference is much larger, 
and a lower layer containing 8 % of solids may be in equilibrium with an 
upper toyear containing only 4 % . The precise values depend on the amount 
of imptiritm present. 

From these dilution experiments it is apparent that solutions of tobacco 
moBOft and Enation mosaic virus purified by the use of strong salt solutions 
and adkl can exist in the liquid crystalline state if they have a solid content 
greats^ than 1*6%, and that with aucuba mosaic virus a slightly higher 
concentration is necessary. If solutions of the purified viruses are not 
spontaneously birefringent when the solid content is from 2 to 3 % they 
can be itill further purified, if purity be estimated on the basis of serological 
activity. All virus preparations which give dilute liquid crystalline 
solutions, however, do not necessarily give uniformly high precipitation 
end*points. Some old preparations of tobacco mosaic virus with serological 
titres of bnly 1/4 x 10® became slightly gelatinous and gave spontaneously 
birefringent solutions with a solid content of but 1 % , and the addition 
of certain substances, notably glycerophosphates and hexosephosphates, 
to fresh virus preparations has a similar effect. These phenomena, however, 
have not been investigated in detail. 

Thet further purification of solutions of these viruses which, although 
relatively concentrated, are not liquid crystalline cannot be effected by 
precipitations with either acid or ammonium sulphate, for the contaminants 
(presumably breakdown products of the virus) precipitate under the same 
conditions and in the same apparently crystalline manner as the virus. 
For further purification it is necessary either to dilute successive fractions 
of bottom layer as described above, to incubate with tr3rp8in, or to separate 
a product by centrifuging at high speed. The last method will now be 
discussed in more detail. 


B|:haviour of the Virus Preparations in a Centrifugal Field 

The general appearance of solutions of the three virus strains is the same 
whetiier they are dissolved in water or in dilute salt solutions, and the 
viruses cannot be removed from such neutral solutions by centrifuging at 
36O0t.p.m. When either the salt concentration or the acidity is increased 
the fluids become opaque, and at a salt concentration that depends 
somewhat on the purity of the virus preparation and on the salt used it 
beeves possible to sediment the virus at this speed. Virus solutions to 
which insuflicient acid for complete precipitation has been added have a 
difibrent appearance from those to which insufficient salt has been added. 
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With acid the fluid becomes opaque and slightly rigid, but it dhows no 
very noticeable sheen; this slightly gelatinous fluid is thixotropioi Witih a 
little ammonium sulphate the fluid becomes somewhat gelatinous and 
develops a very intense sheen, the sheen being obvious even when the 
fluid is at rest. Virus preparations sufficiently purified to give a bire&ingent 
layer at a concentration of 4 % will give a precipitate which can be 
centrifuged out at 3600 r.p.m. when they are only one-eighth saturated 
with ammonium sulphate. By increasing the concentration of amniomum 
sulphate to one-sixth or one-fifth saturation the precipitate nan be 
sedimented much more rapidly. 

The optimal precipitation point with acid was found by centrifuging 
virus solutions at various pH values, and testing the supernatant fluids 
for their infectivity and serological activity. In these tests no indication 
was obtained that virus activity could be separated from the protein, and 
the infectivity and serological activity of the supernatant fluids were found 
to be inversely proportional to the amount of precipitate obtained. The 
optimal precipitation point was found to depend on the salt content of the 
virus solutions. In the presence of a little salt, tobacco mosaic virus 
precipitates completely at pH 3 * 4 , but it can be precipitated over a con- 
siderable range on either side of this point by intense centrifuging. This is 
in good agreement with the pH value given by Stanley (1936a) for the 
isoelectric point of tobacco mosaic virus, and with the results of Best (1936) 
and Eriksson-Quensel and Svedberg (1936). In the absence of salts, or 
with a salt concentration of less than M/ 50 , however, the apparent iso- 
electric point moves to about pH 4 » 2 , but becomes even less precise than 
it is in the presence of salt. As previously stated the salt-free precipitate 
at pH 4-2 differs in appearance from that obtained in the presence <^f salt 
at pH 3 * 4 , and it is apparently amorphous. No difi’erences large enough to 
be of value for distinguishing between the three virus strains have been 
detected. 

Bechold and Schlesinger (1933) showed that it is possible to sediment 
tobacco mosaic virus from clarified infective sap and, assuming a specific 
gravity of M2, they calculated the diameter of the particle as 500 A. 
Using Stanley’s purified virus preparations Eriksson-Quensel and Svedberg 
(i936)have found a similar value. Wyckoff and Corey (1936) have confirmed 
the fact that it is possible to centrifuge the virus out of clarified sap, and 
they have pointed out that the precipitate is birefringent. We have 
described briefly (Bawden, Pirie, Bernal and Fankuchen 1936) the separa- 
tion of a jelly-like layer by centrifuging our purified virus solutions. In the 
experiments to be described below an Ecco-Blitz angle centrifuge, giving 
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a» oeirtrifugal field of 16,000 times gravity at the bottom of the tubes turning 
at a speed of 14,000 r.p.m., was used; it is therefore difficult to calculate 
values for the sedimentation constant from the data obtained. Further- 
more, the viscosity and degree of mixing of the fluids centrifuged are 
uncontrolled factors. The optical properties of purified virus solutions 
suggest that the particles are rod-shaped, and it would, therefore, be 
impossible, at the present time, to deduce the particle size from the 
sedimentation constant even if the latter were measured accurately. 
Valuable centrifugal data can perhaps be obtained from untreated clarified 
infective sap if it should prove that the virus particles occur there in a 
more or less spherical state, but it has not seemed worth while to give 
any great precision to measurements on the purified and probably aggre- 
gated material, nor to look for minor differences in the sedimentation rates 
of the three virus strains. 

When clarified infective sap is centrifuged at this speed a birefringent 
jelly-like layer is deposited. The rate of sedimentation, however, is slow, 
and as the volume of sap that can be centrifuged in this manner is small 
it is not at the present time a practicable method for the isolation of the virus . 

Virus solutions in the two states which we have called top layer and 
bottom layer respectively behave differently when centrifuged at 14,000 
r.p.m. Top-layer solutions deposit simply a viscous layer of jelly, the solid 
content of which depends on the concentration of the solution put into the 
centrifuge tube. By centrifuging for from 1 to 3 hr. it is possible to 
sediment most of the virus from a neutral solution, and to leave a more 
dilute solution of virus covered by a layer of water from 0*5 to 2 cm. deep. 
Table III shows the positive correlation between the solid content of the 
jelly and that of the fluid from which it was sedimented. Within the limits 
mentioned, the time of centrifuging does not affect appreciably the con- 
centration of the jelly layer but only the total amount deposited. This is 
shown in Table IV. There is, of course, a small secondary effect produced 
by changes in the concentration of the fluid during the period of centri- 
fugation. 

Evidence that the particles in these purified virus preparations are built 
up by the linear aggregation of smaller particles will be presented later. 
Attempts to get centrifugal evidence for any variability in the length of 
the particles have so far failed. If the supernatant fluids from one centri- 
fugation are poured off and then centrifuged again, they behave in exactly 
the same manner as did the original fluid at the same concentration. There 
is, therefore, no gross inhomogeneity in our preparations, but this method 
of testing is not sufficiently sensitive to detect an inhomogeneity of the 
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type reported by Eriksson-Quensel and Svedberg (1936). iltiM 

supernatant fluid be divided into two, and one-half predpit«|lMl wltii 
ammonium sulphate and acid and then redissolved in its oqgmi vuIobm 
of fluid, no differences can be detected between the centrifugal bahwdoar 
of the reprecipitated and the original solution by this method. 


Table III— Effect op the Concentration of the GENTRortfiiiiD 
Fluid on the Solid Content of the Jelly Defosi^d 


Initial con- 

Wet weight 

Dry weight 

% 


centration of 

of sediment 

of sediment 

solid in 

total virus 

centrifuged fluid 

mg. 

mg. 

sediment 

sedimented 


A- 

■Tobacco mosaic virus 


!25 

6-2 

191 

45 

23-6 

3-7 

171 

36 

20-6 

112 

2-26 

161 

27 

17 

40 

1*36 

140 

21 

15 

62 

1-02 

118 

15 

13 

49 

0-71 

107 

12 

11 

< 56 


B — Enation mosaic virus 



4-0 

128 

36 

28 

SO 

2*6 

119 

31 

26 

40 

1-0 

77 

17 

22 

57 

0-7 

62 

10 

19 

46 

0-63 

41 

7 

17 

44 

0-41 

35 

5 

14 

41 


Each tube contained 3 c.c, of fluid at joH 7, and was centrifuged for 2 hr. at 
14,000 r.p.m. and at 23-3° C. Although concentrated, none of these fluids was 
spontaneously birefringent, i.e. they were all in the state we have called top layer. 


Table IV-— Effect of Duration of Centrifugation 
AT 14,000 R.P.M. ON THE SEDIMENT 



Wet weight 

Dry weight 

0/ 

%«f 

Time 

of sediment 

of sediment 

solid in 

total virus 

min. 

mg. 

mg. 

sediment 

sedimented 


A — 2*6 % solution of tobacco 

mosaic virus 


192 

160 

40 

25 

53 

127 

96*6 

24 

25 

32 

58 

39 

10 

25 

13 

23 

12 

3 

25 

4 


B — 1*3 % solution of Enation mosaic virus 


180 

122 

31-4 

26 

80 

130 

100 

25 

25 

64 

100 

81 

19 

23 

49 

50 

35 

9 

26 

23 


Each tube contained 3 c.c. of fluid, in the top-layer condition, at pH 7* 



291 


Infective Nucleoproteins 

Table V shows the effect of centrifuging virus solutions of the same 
eoBoentration at a number of different values. Below 5*6 the 
solittions become gelatinous, this being the first stage in the formation of 
the acid precipitate previously described. 

Table V — Effect of pH on the Amount of Sediment 



Wet weight 

Dry weight 

0/ 

/o 

%of 


of sediment 

of sediment 

solid in 

total virus 

Buffer 

mg. 

mg. 

sediment 

sedimented 

j?H 6‘6 phthalate 

179 

62 

29 

76 

pH 6*1 phthalate 

128 

37 

29 

54 

pH 6*6 phosphate 

115 

33 

29 

48 

pH 7*1 phosphate 

104 

32 

31 

46 

pH 7*6 phosphate 

96 

30 

31 

43 

pH 9*1 borate 

93 

28 

30 

41 


Each tube contained 3 c.c. of top-layer tobacco mosaic virus 2*3 % and was 
centrifuged for 2 hr. at 14,000 r.p.m. in M/16 buffer at 23 ± 3° C. 

The spontaneously birefringent virus solutions which we have referred 
to as bottom layer centrifuge in a rather different manner. The jelly 
deposited may have less than half the solid content of that sedimented 
from a top-layer solution of the same concentration. There is no clearly 
defined interface between the jelly and the concentrated bottom layer that 
lies immediately above it ; there is likewise no sharp interface between the 
bottom layer and the top layer which forms during centrifuging, but 
merely a diffuse region in which particles of the one layer are found 
dispersed in the other. A division, however, can be distinguished where the 
system changes from a suspension of top-layer material in bottom -layer 
material to a suspension of bottom-layer material in top-layer material. 

The relationship that has been shown between the solid content of the 
jelly and that of the centrifuged fluid is interesting, for by varying the 
concentration of the centrifuged fluid it is possible to get stable jellies 
with very similar physical appearances, but with solid contents varying 
between 10 and 35 % . A rather limp jelly with a solid content of only 7 % 
has sometimes been precipitated. These jellies are highly birefringent, and 
are completely orientated when they are sucked into capillary tubes of about 
1 mm. diameter. The results of X-ray examinations of these jellies and the 
nature of the forces which hold the particles apart as an oriented jelly in 
spite of the intense gravitational fields will be discussed later. 

High-speed centrifugation can be used as a method of further fractionating 
these virus preparations. Preparations that have been partially inactivated 
by drying cannot be fractionated by this treatment, but those made by the 
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precipitation methods describedi which will not give a biiefnngemt 
unless more concentrate than 5%, will always deposit on hll^Hspiii 
centrifugation a jelly which dissolves to give birefringent 
about 2 % . By this method of fractionation more than a half of the MM 
virus can readily be recovered in a state in which it gives dilute liquid 
crystalline solutions, whereas if the further purification is carried out by 
the method of repeatedly separating and diluting successive bottom layers 
only a small part of the virus is recoverable in the final bottom layer. When, 
however, the risk of a possible contamination with trypsin is of no 
importance, incubation with trypsin is by far the most convenient method 
of obtaining the virus in the highly birefringent state. 

Dilute solutions of the jellies obtained by high-speed centrifugation of 
top-layer material, on standing, again separate into two layers. Again, the 
lower layer is spontaneously birefringent while the upper is not. The 
serological activity and infectivity of top- and bottom-layer material 
obtained in this manner have been found to be the same. This fact is 
readily explicable if the jelly sedimented from partially purified prepara- 
tions is homogeneous, i.e. if the high-speed centrifugation effects a further 
fractionation similar to that produced by dilution of successive bottom 
layers. The results of two tests on such layers are given in Table VL 

Table VI— Compaeison of the Sebologioal Titre and iNFEcnviTy or 
Top and Bottom Layers from Dilute Solutions of the Jellies 
OBTAINED BY CENTRIFUGING ToP-LAYBR MATERIAL AT 14,000 R.P.M. 


Infectivity on Nicotiana gliUinoaa 
Average no. of lesions per half -leaf 




Serological 

10’* 



' ^ 

Virus 

Layer 

titre 

io-« 

10’® 

io-» 

Tobacco mosaic 

Top 

1/8 X 10* 

134 

66 

26 

2*2 


Bottom 

1/8 X lO* 

129 

72 

23 

2-6 

Enation mosaic 

Top 

1/6x10* 

122 

45 

8 

2 


Bottom 

1/6 X 10* 

114 

46 

7 

3 


Absorption Spectra 

The ultra-violet absorption spectra of the three virus strains have been 
measured using a Spekker ultra-violet spectrometer and 2 cm. column of 
0‘02 % virus solution. No definite differences have been observed between 
the spectra given by the different strains, and the spectra do not differ 
appreciably from those usually obtained with proteins. Fig. 6 is the 
absorption curve of a solution of aucuba mosaic virus. 
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SPBomc Gravity 

The specific gravity of tobacco mosaic virus has been measured in three 
(Uierent ways. First, particles of the dried virus have been suspended in 
mixtures of nitrobenzene and diohlorbenzene, and the ratio of the two 
adjusted until the particles were in equilibrium. Secondly, the precipitate 
obtained by adding ammonium sulphate to virus solutions has been 
equilibrated in mixtures of sucrose and ammonium sulphate solution 
(Adair and Adair 1936 ). Thirdly, the specific volume of the virus has been 



Fig. 6 

determined from the specific gravity of a dilute solution of known con- 
centration. The first two methods gave the specific gravity as 1’29-1*31, 
and this is in good agreement with the figure usually obtained with proteins. 

Eriksson-Quensel and Svedberg ( 1936 ) have stated that the specific 
volume of tobacco mosaic virus protein is 0-646, i.e. the specific gravity 
is 1 * 66 , and they comment on the fact that this is an unusual value for 
a protein. Our chemical observations on the virus preparations have 
shown no abnormality that might account for such a high specific gravity, 
and our measurements at 20 ° C. have given a specific volume of 0*73. This 
figure corresponds to a specific gravity of 1-37, and agrees well with the 
values obtained by this method with other proteins (Chick and Martin 
1913 ). The differences that we have found between the specific gravity 
values as determined by the different methods also agree well with their 
observations. All three virus strains have given the same values for 
specific gravity. 
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Table VII shows the results of a few determinations of the specific 
volume of the three strains. These were measured by adding water to a 
3t 4 % solution of neutral salt-fi^ virus until a glass float was in equilibrium 
at the temperature stated. The specific gravity of the float at that tem- 
perature was then measured by equilibrating it in solutions of sodium 
chloride of known concentration, and the values given in Landolt and 
Bomstein’s tables for the specific gravity of sodium chloride solutions were 
used. From 1 to 2 c.c. of the virus solution was then frozen, dried and 
weighed to obtain its exact concentration. The value given in Table VII 
for a 26% solution of tobacco mosaic virus was derived from a direct 
observation of the weight of a known volume of virus jelly. 


Table VII— The Specific Volumes of the Viruses 



Concen- 



Specific 



tration in 



gravity 

Specific 


g./lOOml. 


Temp. 

of virus 

volume 

Strain 

of solution 

State 

"C. 

solution 

of virus 

Tobacco mosaic 

1*73 

Top 

20 

1*0029 

0*73 


1*88 

Top 

20 

1*0033 

0*73 


26*0 

Jelly 

16 

1*07 

0*73 

Enation mosaic 

1*61 

Top 

18 

1*0026 

0*76 


1*75 

Top 

19 

1*0032 

0*73 


2*49 

Top 

12-5 

1*0066 

0*72 


2*85 

Bottom 

18*5 

1*0063 

0*73 

Aucuba mosaic 

1*61 

Top 

16 

1*0030 

0*76 


2*78 

Top 

15 

1*0064 

0*74 


2*95 

Bottom 

20 

1*0062 

0*73 


Gels, Fibres and '‘Crystals” of the Virus 

The satin-like sheen produced in solutions of these purified viruses when 
they are acidified or mixed with a quarter of a volume of saturated 
ammonium sulphate solution suggests that the material precipitated may 
be in the crystalline state. The individual particles of the precipitate, 
however, are too small to permit a conclusive microscopical examination. 
Attempts have been made, therefore, to increase the size of the “ crystals” 
by slow precipitations; these attempts failed, but in the course of the 
work it became increasingly obvious that the first process in the production 
of the “crystals” is the formation of a gel, and that this breaks up when 
stirred or shaken and in its place are formed the small “crystals” or fibres 
with the characteristic sheen. 

Phthalate buffer at pH 3*3 has been diffused into neutral virus solutions, 
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acetate buffer at j)H 4 has been diffused into acid virus solutions and 
half-saturated ammonium sulphate solution has been diffused into neutral 
virus solutions. In each experiment a skin of jelly first precipitated at the 
interface, and then the remainder of the virus solution gradually turned 
to a limp jelly with no crystalline appearance until it was shaken or stirred. 

When one volume of saturated ammonium sulphate solution is added 
to six or seven volumes of a dilute virus solution no precipitate is produced, 
but the fluid develops a very intense sheen and becomes slightly thixo- 
tropic. If this fluid is now allowed to evaporate slowly over calcium chloride 
it does not alter appreciably in appearance, but it is soon converted into 
a rigid jelly. This jelly when broken up by stirring changes into the usual 
“crystalline” precipitate got with ammonium sulphate. 

The process of gel formation can be more easily studied in mixtures 
containing 0 ‘ 6 - 1 - 0 % of the virus, 0-26-0-5% of glycine and 5% of 
neutralized ethyl formate. The pH is adjusted initially to about 5, and 
the fluid is immediately put into the vessels in which it is to be observed. 
After a time, depending on the initial pH value, the glycine concentration 
and the temperature, sufficient ethyl formate will have undergone hydro- 
lysis to give a mixture at about pH 3-3. During the acidification the optical 
properties of dilute virus solutions which have been kept quite still undergo 
no change, although the mixture turns to a fairly rigid jelly. When shaken 
or stirred this jelly breaks up and changes almost instantly to a suspension 
with the usual sheen. If now allowed to remain quite still the mixture 
does not return to the gel state, but it behaves exactly like the precipitate 
that is produced by adding acid directly to virus solutions, and it has the 
same appearance under the microscope. When more concentrated virus 
solutions are slowly acidified in this way they behave somewhat differently, 
for the imdisturbed gel breaks up into a mosaic of irregularly disposed 
birefringent spindles. When stirred, however, this again gives rise to a 
suspension with the characteristic sheen. 

These phenomena suggest that it is more accurate to describe the visible 
virus precipitates that are obtained with acid and ammonium sulphate as 
fibrous rather than as crystalline. The regular appearance of the fibres 
under the microscope could then be attributed to the more or less regular 
breaking up of a gel rather than to the wholly regular process of crystal 
formation (cf. Bernal and Fankuchen 1937 ). 

From most points of view this distinction is not perhaps an important 
one, but if it be accepted it prevents us from adducing the apparent 
crystallinity of these virus preparations as evidence for their purity. Certain 
treatments can destroy infectivity without greatly affecting the physical 
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properties of these viruses. Such preparations give both aminoziiiun 
sulphate precipitates and liquid crystalline solutions similar in appearance 
to those given by fully active virus. Other treatments, such as heating or 
exposure to alkali, which inactivate and dephosphorylate the protein, lead 
to a loss of the ability to give these crystalline appearances. Preparations 
partially inactivated by these methods, and therefore having a rather low 
activity and phosphorus content, may give with ammonium sulphate an 
appearance of crystallization very similar to that seen in fully active virus 
preparations. These contaminated preparations cannot be purified by 
further precipitations (or ‘‘recrystallizations*’) with ammonium sulphate, 
but they can be further purified by the other methods we have described. 

The Effect of Heat on the Virus Preparations 

The coagulation of crude infective sap when heated to 70® C. has already 
been described. When dilute solutions of the purified virus preparations, 
protected from evaporation, are heated at 70® C. for as long as 30 min. 
there is no perceptible change in their appearance or in their ability to 
give anisotropy of flow. When tested at 60-70® C. dilute solutions give 
rather less anisotropy of flow than when examined at room temperature, 
but when cooled they are found to be unchanged. Similarly, if more 
concentrated solutions consisting of mixtures of top and bottom layer are 
heated to 70° C. the ratio of the two layers is unaltered. 

When neutral solutions are heated to higher temperatures (75-80® C.) a 
fairly rapid change sets in ; the fluid becomes opaque and soon turns to a gel, 
the rigidity of which naturally depends on the concentration of the virus 
solution heated. Two minutes at 80® C. will turn a 2 % spontaneously 
birefringent solution to one showing only anisotropy of flow, and 4 min. 
will carry the decomposition far enough to render the fluid opaque. No 
differences have been noticed between the thermal labilities of the three 
virus strains. 

Heating for a few minutes at 90-95® C. causes a coagulation and a 
complete loss of the ability to give anisotropy of flow: this treatment also 
destroys the infectivity and serological activity of the virus preparations. 
When a neutral solution in the presence of a trace of salt is heated for 
5 min. at 95® C. the pH shifts slightly to the acid side, and the major part 
of the protein precipitates as a coagulum that can be centrifuged off. This 
precipitate is free from both phosphorus and carbohydrate. The supernatant 
fluid still contains some protein, part of which can be precipitated by the 
addition of from 0*5 to 1*0% of a neutral salt such as sodium chloride or 
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ammonium sulphate. The supernatant fluid now contains very little protein 
but all the phosphorus and carbohydrate content of the virus preparations. 
When mineral acid is added to the supernatant a curdy precipitate separates 
immediately, and soon aggregates into resinous masses with the charac- 
teristic appearance of nucleic acid. When denatured by heating (or by the 
other agents such as glacial acetic acid and pyridine, the effects of which 
will be described later) protein and nucleic acid are the only breakdown 
products that have been found. If there are any other constituents of these 
virus preparations they must be relatively minor ones. The properties of 
these two substances will now be described only superficially, for their 
more detailed examination must await the preparation of much larger 
quantities of the virus. 

The proportions in which the soluble and insoluble proteins are found 
after denaturation by heating vary somewhat with the conditions of heating 
and with the pH value of the solution. The soluble protein can be removed 
by precipitation at pH 4*6, but if removed in this manner most of the 
nucleic acid is lost. When hydrolysed by acid these proteins behave like 
most other proteins, and the amino-nitrogen content of the hydrolysate 
reaches a maximum after 20 hr. boiling with 4N HCl. They give all the 
protein colour reactions, and have an arginine content (as estimated by 
Weber’s (1930) modification of the Sakaguchi reaction) of from 6 to 7%. 
This reaction was used to follow the distribution of the protein in most of 
the experiments on the precipitation or enzymic hydrolysis of the protein. 
Negligible amounts of material were extracted from these proteins by 
prolonged extraction in a Soxhlet with ether, acetone, alcohol or pyridine. 
The proteins obtained from heat-denatured preparations of the different 
virus strains have shown no appreciable differences from each other. 

The resinous masses of nucleic acid are readily converted to a loose 
powder by grinding with water. Neutral solutions of the sodium salt are 
convenient to handle, and they give a solid with a light open texture if 
dried while frozen. This material does not react with the virus antisera, nor 
does it in any way affect the precipitation of virus and antiserum. 

Prepared in this way the nucleic acid product contains from 4 to 7 % 
of phosphorus and from 24 to 30% of carbohydrate as estimated by the 
orcin method. Without previous hydrolysis it reduces potassium ferri- 
cyanide, under the conditions of the Hagedom-Jensen reducing sugar 
estimation, to an extent corresponding to a reducing sugar content of 6 % . 
It also gives biuret and Sakaguchi reactions corresponding to from 10 to 
20% contamination with virus protein. This protein, judging from the 
Sakaguchi reaction, can be removed almost completely by prolonged 
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centrifugation at pH 3 , or, less conveniently, by careful treatment with 
dialysed iron. 

The purified virus nucleic acid resembles yeast nucleic acid closely; it 
contains a pentose and does not give the reactions with Schiff’s reagent 
characteristic of a desoxy pentose. The phosphorus is liberated as phosphate 
on acid hydrolysis in two stages in the manner described by Jones (1920) 
for yeast nucleic acid. The question of the relationship between these virus 
nucleic acids and yeast nucleic acid will be dealt with in a later paper, 
but it may be said now that the molecule is larger than that of yeast 
nucleic acid prepared in the usual ways, for it is retained on collodion 
membranes which readily permit the passage of yeast nucleic acid. It is 
possible that this difference is simply the result of the more extensive 
degradation suffered by yeast nucleic acids during the course of isolation, 
for the methods used for the isolation of virus nucleic acid are much 
gentler than those necessary for the isolation of yeast nucleic acid. 


Effect of Drying 

It is well known that leaves of plants infected with strains of tobacco 
mosaic virus can be dried and still be infectious. Our preparations of the 
three strains are also active after drjdng in air or over phosphorus pentoxide. 
The activity, however, whether measured by the serological or by the 
infection method, is reduced to one-half or one-third by one such drying; 
by redissolving and then drying again the activity may be still further 
reduced. The loss in activity following on one drying over PgOg is shown in 
Table 1 . After seven dryings in one experiment with tobacco mosaic virus 
the activity fell to approximately 1/100 of that of the original undried 
material. The loss of activity is the same whether the solutions are dried 
at neutrality or at the acid precipitation point. It is immaterial whether 
the solutions are dried unfrozen, or after being frozen slowly, or after being 
frozen rapidly in liquid air. Material dried frozen is, however, in the most 
convenient state for further handling, and we always use this method in 
getting dry weights. Frozen material which has been dried in vacm over 
P2O5 for a day at room temperature loses less than 0*3 % of its weight on 
subsequent drying at 100® C. Repeated freezing and thawing has no 
apparent effect on the activity of these viruses. 

Drying over PaOg destroys to a large extent the ability of the virus to 
give liquid crystalline solutions, and also greatly reduces the readiness with 
which solutions will show the phenomenon of anisotropy of flow. For 
example, a solution, which was liquid crystalline at 1*8 %, when dried once 



over P2O5 gave a solid which dissolved to give a solution containing only 
a trace of liquid crystalline material at 5-4%, and none at 4*0%. Virus 
that has been twice dried over P2O5 has never been observed to give a 
liquid crystalline solution at any concentration. 

Solutions of dried virus resemble impure preparations of virus in many 
ways, and the properties of some unsuccessful preparations which are not 
highly active or which fail to give liquid crystalline solutions suggest that 
they are contaminated by virus breakdown products similar to those 
produced by drying the virus. The virus inactivated by drying precipitates 
in a manner similar to the active virus, and differs in this respect from the 
denatured product got by heating. Protein cannot be precipitated from 
a neutral solution of dried virus by the addition of a little salt, nor can 
nucleic acid be precipitated by acid. That part of the preparation which was 
inactivated by drying can be hydrolysed by commercial trypsin prepara- 
tions, though much more slowly than can virus which has been denatured 
by heating. After digestion the part of the virus not inactivated can be 
isolated by precipitation with acid and ammonium sulphate. Without 
previous incubation with enzymes it has proved impossible to obtain virus 
from dried preparations giving either a high serological titre or capable of 
giving dilute liquid crystalline solutions either by precipitation with acid 
and ammonium sulphate or by centrifuging at 14,000 r.p.m. At this speed 
the dried material sediments in a similar manner and at about the same 
rate as the undried virus, but the precipitates obtained dissolve to give 
solutions which show anisotropy of flow only, and which are not liquid 
crystalline until more concentrated than 4-5 % . 

This reproducible partial inactivation on drying is of interest because 
of the X-ray measurements on films of dried and partially dried virus. The 
course of the inactivation has therefore been followed in some detail. 
Samples of the same batch of tobacco mosaic virus were dried at atmo- 
spheric pressure over CaCl2, MgS04 and MgS04.7H20, Na2S04 and 
Na2SO4.10H2O, and saturated ammonium sulphate solution. When re- 
dissolved the first solution was found to have lost half of its activity, the 
second one-quarter and the last two were unaffected. At 15° C. the 
mixture of MgS04 and MgS04.7H20 establishes a water-vapour pressure 
of 6 mm. and the Na2S04 mixture a pressure of 9-2 mm. (figures from 
Landolt and Bomstein’s Tables). Similarly, there is no loss of activity or 
crystallinity on dr3ring, or even on repeated dr3dng, over the Na2S04, 
Na2SO4.10H2O mixture in the vacuum attained by a water-pump. After 
drying over sodium sulphate the virus retains 16-20% of water, this can 
be removed by subsequent drying over phosphorus pentoxide. Drying in 
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two stages in this way causes much less inactivation, whether measured 
by the capacity to give ‘‘bottom layer” or serologically, than direct drying 
over phosphorus pentoxide. 

This curious behaviour can perhaps be explained in terms of^the 
triangular shape deduced for the virus particles from X-ray measurements 
(Bawden, Pirie, Bernal and Fankuchen 1936 ), which indicated that the 
particles could pack together in two ways. It is possible that there is less 
mechanical destruction of the virus when the packing, which must take 
place during evaporation, is done gently. 

The various methods of inactivating the virus seem to give rise to 
recognizably different products. By heating or treatment with acetic acid 
or pyridine, we get a nucleic acid and an insoluble denatured protein; 
when dried, a soluble nucleoprotein and no free nucleic acid; and when 
inactivated with acids or alkalis we get metaproteins and free nucleic acid. 

The solid precipitated from fully active virus preparations at pH 3*4 in 
the presence of a little salt contains about 26% of dry matter. In the 
absence of salts, even after long centrifuging at 3500 r.p.m. at pH values 
around the precipitation point, the precipitate cannot be packed so tightly. 
If, however, this loose sludge of virus is now drained without evaporation 
by centrifuging on a porous plate, the solid content can be raised to about 
35 % . A jelly which also may have a solid content as high as 35 % can be 
deposited from neutral solutions of virus by centrifuging at 14,000 r.p.m. 
These treatments in no way affect either the activity of the virus or its 
capacity to produce dilute liquid crystalline solutions, and these are the 
greatest concentrations of virus we have obtained by mechanical means, 
i.e. without evaporation. 

[Note added in proof 19 June 1937. — The acid precipitate can be converted 
into a translucent buttery mass with a water content of only 50 % by 
centrifuging for J hr. at 14,000 r.p.m. in the end of an L 2 Chamberland 
filter candle. When soaked in water this mass regains its ''crystcdline” 
appearance.] 


The Effect of Enzymes 

No enzyme preparation has yet been found that attacks these purified 
virus preparations at an appreciable rate, or that has any permanent 
effect on their infectivity, and we have found incubation with trypsin to 
be a most effective method of further purifying our products. We have 
incubated the virus preparations with commercial trypsin, “panoreatin”, 
pepsin, papain and autolysed preparations of kidney at a number of pH 
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values axound the optima for enzymic activity. All these enzymes were 
shown to be strongly proteolytically active by testing them against heat- 
denatured virus which they rapidly hydrolysed, but they had no appreciable 
enzymic effect on the preparations of active virus. The behaviour of these 
strains of tobacco mosaic virus is, therefore, very different from that of 
potato virus (Bawden and Pirie 1936), and our results are sub- 
stantially the same as those obtained by Stanley (1934a and 6) with crude 
infective sap. In the presence of large amounts of trypsin the infectivity of 
the purified virus preparations is almost destroyed while the serological 
activity is unaffected. This loss of infectivity occurs immediately the virus 
and enzyme are mixed, and no further loss follows incubation. By pre- 
cipitation with acid or dilute ammonium sulphate solution, however, the 
virus can be recovered with its full activity from such non-infective 
mixtures. The material recovered from such mixtures seems to be identical 
with virus that has not been incubated with trypsin, but, as we have 
previously stated, the possibility that it may be a virus-trypsin complex 
cannot be definitely excluded. 


The Recovery op Virus from Precipitates with their Antisera 

When purified virus preparations are mixed with their antisera at 
optimal combining proportions a flocculent precipitate is produced, and 
the mixture is almost non-infective. A slight recovery of the infectivity 
can be made merely by diluting these mixtures. Chester (1936) has shown 
that the infectivity of crude infective sap and antiserum can be much 
increased by incubating them with pepsin. 

If our purified virus preparations consist of a mixture of active virus 
and inert protein, or of a protein and a contaminating nucleic acid, it is to 
be expected that the precipitation with specific antisera might perhaps 
alter the ratio of the components. We have found no evidence for this, and 
material recovered from precipitates with antiserum after digestion with 
pepsin is apparently the same as our normal virus preparations. 

The precipitate obtained by incubating 32 mg. of purified tobacco mosaic 
virus with 3 c.c. of antiserum was centrifuged off, suspended in water and 
heated for 5 min. at 78 ° C. The precipitate did not appear to coagulate, 
and after this treatment trypsin had little or no effect on it. After incuba- 
tion at 37 ° C. at about pH 3 with pepsin, however, the fluid developed an 
intense anisotropy of flow, and after a few hours’ incubation, material with 
the characteristic appearance of the purified virus preparations could be 
centrifuged off. 15 mg. of this material were recovered ; it contained 0-5 % 
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phosphorus and 2*5% carbohydrate, gave a serological titre of 1/4 x 10* 
and was infective at a dilution of 10“*. 

In a similar experiment using 50 mg. of a purified Enation mosaic virus 
preparation a final yield of 37 mg. was isolated. This showed good aniso- 
tropy of flow, had a phosphorus content of 0-48 % , gave a serological titre 
of 1/2 X 10* and was also infective at a dilution of 10“*. 


The Effect of Various Substances on the Virus Preparations 

Stanley (19356) has described the effect of 110 substances on the 
infectivity of partially purified tobacco mosaic virus, and he has reviewed 
the literature on the subject in some detail. It appears from this that the 
agents which inactivate the virus are, in general, strong acids and alkalies, 
oxidizing agents and protein precipitants. In this section the effects of a 
miscellaneous group of substances on the purified virus preparations will 
be described. 


Solvents 

We have already shown that the virus is precipitated from plant sap 
by the addition of an equal volume of alcohol. When, however, salt-free 
solutions of the purified virus at pH 7 are mixed with alcohol there is no 
precipitate until the alcohol concentration is greater than 80 % . Denatura- 
tion proceeds slowly at this alcohol concentration. Concentrated solutions 
containing 30 % of purified virus can be dissolved in 80 % alcohol as easily 
as in water. The presence of salt, however, alters the behaviour greatly, 
and from certain salt solutions the virus can often be precipitated com- 
pletely with 40% alcohol. Calcium ions are more effective in producing 
this precipitate than the others that we have tried. Acetone has an effect 
similar to that of alcohol, but it denatures the virus more readily. 

When dilute acetic acid is fidded to solutions of the three virus strains the 
characteristic acid precipitate already described is produced. When, how- 
ever, solutions of virus are added to four or five parts of glacial acetic acid an 
irreversible change occurs, and there separates a precipitate of nucleic acid, 
apparently identical with that obtained by heating the virus preparations 
to 90° C. The clear supernatant fluid deposits on evaporation a phosphorus- 
free protein as a perfectly transparent, isotropic, tough film. This wets 
with difficulty and is only slightly soluble in water even when neutralized. 
The solution obtained does not react with the virus antiserum. 

In small quantities pyridine has no effect on the virus preparations, but 
when the concentration is raised to 25-30 % a rapid denaturation sets in. 
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Initially such mixtures show the usual faint opalescence of the purified 
virus solutions, and they give anisotropy of fiow, but after a few minutes 
they go quite clear and lose their ability to give anisotropy of fiow. The 
addition of a little ammonium sulphate solution to this clear fluid causes 
the precipitation of denatured protein that is phosphorus-free and is 
soluble in water only in the complete absence of salts. From the super- 
natant fluid, nucleic acid can be precipitated by the addition of acid. 

The instability of these viruses in the presence of solvents makes it 
difficult to assess the value of some of the analytical figures which have 
been published. The analyses have often been carried out on acetone- 
treated preparations, and no mention is made of the activity after this 
treatment. Such analyses may approximate more closely to analyses on 
phosphorus-free denatured protein rather than to analyses on the virus. 


Urea 

It is well known that concentrated solutions of urea readily denature 
proteins (Hopkins 1930), and they have also been found to inactivate many 
bacteria and bacteriophages (Burnet 1933). Precise measurements on the 
effect of urea on solutions of these viruses have not been made, but it may 
be said that they are unexpectedly resistant. They retain the ability to give 
spontaneously birefringent solutions in the presence of saturated urea for 
some hours, and several hours’ exposure is necessary before any considerable 
part of the protein is denatured. This denatured protein is still largely 
soluble in water. 


Nitrous Acid 

It has been shown (Bawden and Pirie 1936; Bawden, Pirie and Spooner 
1936) that nitrous acid destroys the infectivity of potato virus “X” pre- 
parations without affecting their serological activity. Stanley (19366) has 
described a similar effect on tobacco mosaic virus and we have confirmed 
this. 

Treatment with 15 % acetic acid and 7 % sodium nitrite for half an hour 
at 0° C. reduces the infectivity without affecting the serological titre. More 
vigorous treatment causes complete loss of infectivity, but there may also 
be some denaturation with consequent loss of serological titre and phos- 
phorus. Treatments which just inactivate without denaturation do not 
affect the serological activity, the phosphorus content, or the ability of the 
preparations to give spontaneously birefringent solutions. Tobacco mosaic 
virus preparations inactivated by nitrous acid appear to be completely 
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unaltered antigenically, for tobacco mosaic antiserum absorbed at the 
optimal combining proportions with non-infectiTe nitrite-treated tobacco 
mosaic virus will no longer precipitate with fully active virus. 

Papain and Clvpein 

It has already been stated that papain has no enzymic effect on the 
purified virus preparations, but there is an interesting reaction between 
a constituent of commercial papain preparations and the purified viruses. 
When crude papain is extracted with water and the clear extract dialysed 
it is found that about one-tenth of the original material is indiffusible, and 
that this fraction retains the enzymic activity. A solution of this indiffusible 
material precipitates any of these virus strains from dilute neutral solutions, 
and the precipitate obtained resembles closely that obtained with acid or 
ammonium sulphate. Examined microscopically with dark ground illu- 
mination it has the same “crystalline” or fibrous structure. When varying 
amounts of papain were added to a constant amount of virus in one 
experiment it was found that the supernatant fluid, after centrifuging, gave 
a precipitate with neither papain nor virus when the two were mixed 
originally in the ratio of 1 of papain to 4 of virus. A similar, but amorphous, 
precipitate separates when papain is mixed with solutions of yeast, thymus 
or virus nucleic acids. From these precipitates the active enz 3 mie may be 
recovered by extraction with acid. With the papain-virus precipitate the 
extraction should be made at pH 3*3, and with the yeast and thymus 
nucleic acid precipitates at pH 1-5.* 

The precipitation of papain with both nucleic acids and the virus 
suggested that the protamines, which are well known to precipitate nucleic 
acids, might also precipitate the virus. It was found that a neutral solution 
of clupein sulphate will precipitate any of these virus strains at neutrality, 
and the precipitate does not become soluble until the pH is raised to 
8*6 or 9. The virus, however, can be recovered readily by extracting the 
clupein from the precipitate with phthalate buffer at pH 3*3. When re- 
covered in this way the virus has the usual phosphorus content, infectivity, 
serological activity and ability to give a spontaneously birefringent layer. 
The supernatant fluid from a mixture of virus and clupein sulphate contains 
neither substance when their initial ratio in the mixture is 20 to 1. When 
examined microscopically the virus precipitate with clupein resembles 
closely that produced with papain. 

* The activity per milligram of the papain that has been extracted from a nucleic 
acid precipitate is greater than that of the original material. It is possible, therefore, 
that this process may be useful for the purification of papain. 
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The precipitates of all three virus strains with either papain or clupein 
are soluble in dilute salt solution, but there is a definite difference in the 
amount of salt necessary for the resolution of the precipitates with the 
different strains. The precipitate with aucuba mosaic virus does not occur 
if the concentration of sodium chloride is approximately M/20, but with 
tobacco mosaic virus and Enation mosaic twice this concentration is 
necessary to inhibit the precipitation. The precise values depend on the 
concentration of the two reagents and on the temperature, but the dis- 
tinction between aucuba mosaic virus and the other two strains is clearer 
here than with any other physical or chemical properties that we have 
examined. 

For a number of reasons these precipitates are of interest. They supply 
us with other methods for the isolation of these viruses, and possibly of 
other viruses and bacteriophages as well. For this purpose the precipitates 
with papain would probably be the more useful, for protamines give pre- 
cipitates with a number of normal proteins (Lissitzin and Alexandrowskaya 
1933). The fact that these insoluble complexes occur suggests that in 
making extracts from infected leaves some part of the total virus may be 
lost in the leaf tissue and in the cell debris. Finally, the phenomenon offers 
a clue to the possible nature of cell inclusions in virus-infected plants and 
animals, for protamines and histones are known to be constituents of most 
types of cells. 


Effect of X-rays 

Gowen and Price (1936) have shown that the infectivity of material 
obtained by drying clarified sap from tobacco mosaic plants can be 
destroyed by exposure to X-rays. The amount of virus inactivated was 
proportional to the amount of irradiation. We have obtained similar results 
with our purified virus preparations. These have been irradiated both as 
solutions and as dry powder with the same results. In one experiment with 
dry material, a 1 mm. layer had its infectivity reduced to about one- 
hundredth by 3 hr. irradiation, 8 cm. from a copper anticathode of an 
X-ray tube run at 30 kV and 20 mA. After 7 hr. exposure it was no longer 
infective. The type of inactivation resembles that following treatment of 
the virus with nitrous acid, for even after infectivity of the preparations is 
completely destroyed they still retain their serological activity. Also, when 
liquid crystalline solutions of the virus are irradiated these are unaltered 
in appearance and still birefrmgent when non-infective. 
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The State of the Viees in the Plant 

The X-ray measurements made on the purified virus preparations show 
that the individual particles have a constant cross-section area of not less 
than 20,100 sq. A. It is not known whether the particles also have a 
constant length, but the extreme character of the orientation phenomena 
and the X-ray data indicate a minimum length of at least ten times the 
width. We have no evidence that particles of this length occur in the 
infected plant. Indeed from the results of experiments comparing the 
optical properties, activity and filterability of crude infective sap with those 
of solutions of purified virus it is more probable that the virus is in a 
different condition in the clarified infective sap, and that in the isolated 
product it has become aggregated. 

The amount of anisotropy of fiow shown by clarified sap varies somewhat 
with different samples, and it seems to be rather more definite with sap 
from plants grown in the winter. Although the yields of virus isolated from 
infected plants show that the infective saps must contain from 1 to 2 g. 
of virus per litre, yet the anisotropy of fiow shown by clarified infective 
sap is usually much les^ than that shown by a O'l % aqueous solution of 
the isolated virus. It is also much less than that given by a 0*1 % solution 
of isolated virus in either clarified healthy tobacco sap or clarified infective 
sap, and the difference, therefore, is clearly not caused by the presence of 
protective colloids in the sap. 

The relative activities of two samples of crude infective sap (or of two 
similarly treated solutions of isolated virus) are found to be the same 
whether they are compared for their serological titres or for their ability 
to produce local lesions, i.e. if one has twice the precipitation end-point 
with antiserum it will also be approximately twice as infective. When, 
however, a sample of crude infecdve sap and a solution of isolated virus 
giving the same serological titre are compared by the infection method the 
crude sap is found to be several times more infective. The results of three 
experiments comparing the serological activity and the infectivity of crude 
infective sap and 0*1 % aqueous solutions of purified tobacco mosaic virus 
are given in Table VIII. 

The filtration end-points of the virus before and after purification are 
also widely different. Smith and Doncaster (1936), using crude infective 
sap, obtained infective filtrates through collodion membranes with an 
average pore size of 53 m/^. This suggests a particle of diameter 17 m/^, or 
170 A, w hich agrees well with the X-ray measurements of the width of the 
particles in our purified preparations. The purified virus preparations give 
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very different results. In aqueous solution at about jiS. 7 purified virus will 
not filter through Seitz pads or through collodion membranes with a pore 
size as great as 460 m/t; the filtrates through such membranes were protein- 
free, serologically inactive and non-infective. 

Tabu: VIII — Comparisons of the Serological Activity and In- 

FBCTIVITY OF CRUDE INFECTIVE SaP AND 0’1% SOLUTIONS OF 

Purified Tobacco Mosaic Virus 

Infectivity on Nicotiana glutinoaa at various dilutions 


Virus 

Serological 

titre 


Average no. of lesions per half -leaf 


preparation 

1/1^ 

1/100 

1/1000 

1/10,000 1/100,000 

Crude sap 

1/4000 

180 

88 

45 

4 

0*8 

Purified 

1/8000 

88 

26 

13 

2 

0-6 

Crude sap 

1/4000 

266 

168 

76 

26 

5 

Purified 

1/10,000 

208 

118 

27 

6*3 

1 

Crude sap 

1/1000 

247 

99 

34 

8 

0-8 

Purified 

1/6000 

139 

46 

17 

2-6 

0-6 


All these results seem to indicate that in the purified virus preparations 
the individual particles are larger than those in expressed infective sap. 
Aggregation of the particles end to end would increase the ease with which 
they are orientated by streaming and so increase the amount of anisotropy 
of flow shown by a given amount of virus. It is to be expected that such 
an aggregation would affect also the filterability and infectivity, but not 
the serological titre to anything like the same extent. 

The whole process of purification that we have described is not necessary 
to produce this apparent aggregation. After one precipitation of the virus 
from crude sap, with either alcohol, acid or ammonium sulphate, the 
amount of anisotropy of flow is definitely increased and the filterability is 
altered. Filterability and the amount of anisotropy of flow are closely 
correlated, increase in the latter being always accompanied by a decrease 
in the former. 

The aggregated virus cannot be returned to its original condition by 
putting it into expressed plant sap. When added to clarified healthy sap 
the purified virus preparations still show quite definite anisotropy of flow, 
will not filter and their infectivity is not increased. Attempts to render 
the isolated virus more filterable by dissolving it in clarified infective sap 
also failed. Indeed, from the results given in Table IX it can be seen that 
the presence of the purified aggregated virus prevented the normal virus, 
which had not been precipitated, from passing the filters. In this 
experiment two samples of tobacco mosaic virus were filtered through a 
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membrane of average pore size, 460 raji, approximately nine times the size 
normally required to stop tobacco mosaic virus. Sample 1 consisted of 
5 c.c. of darned infective sap plus 6 c.c. of phosphate buffer at pH 7, and 
sample 2 of 6 c.c. of clarified infective sap plus 6 c.c. of buffer containing 
20 mg. of isolated virus. These were tested both before and after filtration 
for their infectivity and their serological activity. 

Table IX— Effect on the Filterability of Vieus in Crude Sap 
BY ADDING ISOLATED VlRUS 

Infectivity on Nicotiana glviinosa 
No. of local lesions at two dilutions 



Serological 




titre 

1/100 

1/1060 

Clarified infective sap : 




Before filtration 

1/320 

419 

78 

After filtration 

1/320 

390 

71 

Clarified infective sap plus isolated virus : 



Before filtration 

1/26,600 

872 

426 

After filtration 

1/20 

33 

2 


Description of experiment in text. 


We thus have little evidence as to the shape of the virus particles as they 
exist in the plants. It seems probable, however, that they have a width of 
about 17 m/«, and, as infective sap shows some anisotropy of flow, that 
the smaller units in the plant are either rods or plates or that in the plant 
a certain amount of aggregation into rods must occur. 

In the section on the behaviour of the virus in a centrifugal field it was 
shown that birefringent jellies could be sedimented from clarified infective 
sap. WyckofF, Biscoe and Stanley ( 1937 ) centrifuged both clarified infective 
sap and purified virus preparations, and found that the purified virus had 
the same sedimentation constant as the heavy constituents of the infective 
sap. At first sight this may seem to contradict our hypothesis that the 
particles become aggregated during the processes of purification, for larger 
particles would be expected to sediment more rapidly. If the particles 
were spherical this would be so, but no theoretical treatment of rod-shaped 
particles has yet been made to indicate the magnitude of differences which 
might be expected in the sedimentation rates of rods of the same width 
but of different lengths. In other words, it is unknown if the length of 
rods at all affects the sedimentation rate. That the observed sedimentation 
rate of the virus is the same after purification as it is before does not mean 
that the particles are necessarily the same size or that linear aggregation 
has not occurred, but the fact might equally well be advanced in support 
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of the view that the sedimentation rate of rods is relatively independent 
of their length, 

[Note added in proof 19 June 1937. — We have found recently that the 
amount of anisotropy of flow shown by clarifled infective sap can be 
greatly increased by centrifuging for from 2 to 3 hours at 14,000 r.p.m., 
and then resuspending the sediment in the supernatant fluid. This fact 
suggests that aggregation occurs as a result of high-speed centrifugation. 
Centrifugal data on untreated sap, therefore, is of questionable value as 
an indication of the size of the virus particle, unless it can be shown that 
the aggregation takes place only in the sediment and not during sedi- 
mentation.] 

Study of the Sap from Uninfected Tobacco Plants 

We have been unable to isolate from uninfected tobacco or tomato 
plants any liquid crystalline proteins similar to those in our purified virus 
preparations. The protein content of clarified healthy tobacco sap may be 
only one-tenth to one-fifth of that of infective sap, and what protein there 
is precipitates differently. If the whole purification process described for 
the isolation of the viruses is carried out on healthy sap nothing is obtained. 

The saps expressed from healthy and infected plants of the same age 
resemble one another closely both before and after clarification. When 
either acid or alcohol is added to the clarified saps both give precipitates. 
The precipitates, however, differ, for those from uninfective saps are darker 
in colour and only a small portion can be dissolved in water at neutrality. 
This soluble material is not precipitated by one-third saturation with 
ammonium sulphate, and the precipitate obtained with acid has not the 
characteristic satin-like sheen of the virus-containing precipitates. After 
long contact with ammonium sulphate the solutions often give a precipitate 
with a slight sheen, but this is merely calcium sulphate. 

Both healthy and infective crude saps when heated to 70° C. give 
flocculent precipitates which aggregate rapidly and are easily removed by 
centrifuging. The supernatant fluids from healthy sap now contain very 
little material that can be precipitated with ammonium sulphate and 
contain only traces of indiffusible phosphorus, but the supernatant fluids 
from similarly heated infective saps contain the virus. 

Healthy sap seems to vary from sample to sample more than infective 
sap, and we have sometimes found it impossible to isolate the nucleoprotein 
described below. When large amounts (up to two-thirds saturation) of 
ammonium sulphate are added to clarified healthy sap a precipitate con- 
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taining about 1 % of phosphorus often separates. This material (apparently 
a nucleoprotein, for it gives the protein colour reactions and contains 
phosphorus and carbohydrate) is quite soluble in half-saturated ammonium 
sulphate solution; it can be precipitated by acids and does not diffuse 
through cellophane membranes. Attempts have been made to exclude the 
possibility that this nucleoprotein may be a contaminant of our purified 
virus preparations and so responsible for their nucleic acid content. When 
the nucleoprotein from healthy plants is added to solutions of the isolated 
virus, the virus can be recovered alone quite easily by precipitation with 
dilute ammonium sulphate solution. The healthy plant nucleoprotein 
remains in the supernatant fluid, from which it can then be recovered 
quantitatively by precipitation with more concentrated ammonium 
sulphate solution. Unless, therefore, the two combine in a definite ratio 
it is improbable that our virus preparations are mixtures. 

The nucleoprotein found in healthy tobacco plants is much less stable 
than the virus, and it has often disappeared entirely during the course of 
a few precipitations with acid or ammonium sulphate, and all the phos- 
phorus has then been found in a form that is soluble in both acid and fully 
saturated ammonium sulphate solution. When heated to 90® C. the plant 
nucleoprotein, like the virus, breaks down, and gives a nucleic acid similar 
to that derived from heat-denatured virus. Proteolytic enzyme prepara- 
tions that do not affect either the activity or the phosphorus content of 
the virus preparations readily destroy this normal plant nucleoprotein. 
This is further confirmatory evidence that our preparations are not 
mixtures of virus and a normal plant constituent, although it cannot be 
taken as proof. 

We have, therefore, some evidence that this healthy plant nucleoprotein 
is not merely mixed with virus in our preparations, but no evidence that 
they are not combined. Our only evidence that the nucleic acid found in 
our preparations is an integral and essential part of the virus is the 
constancy of the observed phosphorus and sugar content of a large number 
of different virus preparations from a number of different host plants, and 
the fact that as yet we have been imable to get a fully active virus 
preparation that is phosphorus-free. 

It is tempting to speculate on the possible part that this plant nucleo- 
protein may play in the multiplication of the virus, and to wonder if it is 
in any sense a precursor of the virus or whether it is one of the constituents 
of the healthy plant from which the virus is built up. There is no positive 
evidence for this belief, but the fact that a similar nucleoprotein has not 
yet been isolated from the sap of infected plants does perhaps favour it. 
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In addition to the differences in their protein content, the optical pro- 
perties of saps from healthy and from tobacco mosaic plants also differ. 
When clarified infective sap is made to flow between crossed Nicol prisms 
it usually shows some anisotropy of flow, as was first recorded by Takahashi 
and Rawlins (1933a). We, however, have been unable to confirm their later 
statement that the sap from healthy tobacco plants shows a similar 
phenomenon (19336). The amount of anisotropy of flow shown by infective 
sap can be much increased by precipitating the virus with alcohol or acid. 
The eluates from precipitates obtained by adding acid or alcohol to clarified 
healthy tobacco sap, however, show none. 

Discussion 

Many of the implications of this work have already been discussed at 
some length. Of these, perhaps the most important are our justification 
for calling our isolated nucleoproteins “viruses” and the relationship 
between these products and the virus as it occurs in the plant. We may 
repeat that nucleoproteins with the characteristic optical properties which 
we have, described have not been isolated from healthy plants, and no 
evidence has been obtained that virus activity can be dissociated from them. 
Also, the particular protein isolated is dependent entirely on the virus 
strain used and not at all on the host plant. This is strong presumptive 
evidence of the identity of our products, although not conclusive. It is, 
however, extremely difficult to account for the different behaviour of the 
virus before and after purification unless it behaves in the same maimer as 
the isolated nucleoproteins. Stanley described the product he obtained by 
precipitation with ammonium sulphate as “a crystalline protein possessing 
the properties of tobacco mosaic virus”. During the processes of purifica- 
tion, however, the virus undergoes a change that is not readily reversed, 
and loses completely the property that first distinguished tobacco mosaic 
virus as a new type of disease agent, namely, that it should pass fine filters. 
Also, the infectivity of the virus is considerably reduced. These phenomena 
can readily be interpreted if we assume that the virus particles have 
become aggregated linearly during the processes of purification. The 
behaviour of our nucleoproteins in solution, and the X-ray measurements, 
show that they are long particles such as would be produced by this type 
of aggregation. Further, their width is very similar to that found for the 
virus in crude sap by filtration experiments. 

Since Stanley first described his “crystals”, phrases such as “lifeless 
molecules” have been increasingly applied to viruses, and much has been 
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made of the idea that there is an essential incompatibility between the 
living and the crystalline states. As this is obviously an aesthetic rather 
than a scientific incompatibility it is necessary to be clear about the 
aesthetic connotations of the word crystalline. We have already suggested 
that the virus ‘'crystals” might more accurately be described as fibres, 
and we doubt whether it is profitable to say that these viruses can be 
crystallized, or to apply the word crystalline to them without some 
qualification. Writers who find this incompatibility usually assume that 
a crystalline material must consist of a single definable chemical substance ; 
this, however, is by no means necessarily true, for whenever groups of 
superficially similar substances are studied mixed crystals are found. The 
proteins form such a group, and, although it has been shown that the 
haemoglobins often do not form mixed crystals, the point has been so 
inadequately studied that it cannot be asserted that even true protein 
crystals are necessarily homogeneous. Structures such as plant fibres, hairs 
and muscle are fully as crystalline as the solid virus preparations have 
yet been shown to be, and the organization in suspensions of rod-shaped 
bacteria (or even shoals of fish) closely resembles that in the liquid crystalline 
virus preparations. A state of organization that is often described as 
crystalline is necessarily taken up by any collection of rods of equal cross- 
section when flowing or when packed tightly, and such states are wide- 
spread in nature (Schmidt 1924). Using crystallinity in this sense there is 
obviously no incompatibility between the living and the crystalline states, 
and it is only in the sense that any regularity in the arrangement of 
particles gives that arrangement some of the attributes of a crystalline 
substance that this term can be applied to the virus preparations. It is, 
however, unprofitable to attempt to apply the words living and dead to 
viruses, and here we are confronted with the wider question, which has 
been discussed elsewhere (Pirie 1937), of whether these words have any 
rigidly definable scientific meaning at all. 

The X-ray measurements on soluble virus aggregates show that there is 
a regular arrangement of groups along each particle, and the sharpness of 
the reflexions shows that these particles are sufficiently long for a large 
number of repeat units to be found in each. Each particle has an internal 
regularity of the type sometimes found in large molecules, but with the 
viruses it is on an unusually large scale. li\ this sense the particle resembles 
an animal or plant fibre and may be spoken of as crystalline. When the 
soluble virus aggregates are aggregated still further by acid, ammonium 
sulphate or clupein, microscopically visible rod-shaped particles are formed. 
Suspensions of these visible rods show anisotropy of flow at even greater 
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dilutions than solutions of the purified virus. This suggests that the con- 
stituent rods of aggregated virus lie parallel in the ‘^crystals”, but there 
is no evidence that adjacent chains of particles bear any relationship to 
one another as they would in a true crystal. The arrangement in the visible 
virus aggregates may perhaps be compared with that of matches shaken to 
the side of a drawer, and the arrangement in a crystal with that of bricks 
in a wall. There is, as yet, no positive evidence in favour of either arrange- 
ment in the virus aggregates, and until evidence is obtained it is probably 
advisable to avoid the word crystalline in describing solid preparations of 
the tobacco mosaic viruses.* We see no reason why particles possessing 
many of the attributes of organisms should not pack into a three-dimensional 
lattice, and can see no essential incompatibility between crystalline states 
and those which could be described as living, but only a two-dimensional 
regularity has been demonstrated as yet in our virus preparations. 

Virus preparations denatured by heat break down to give a nucleic acid 
and some denatured proteins, but no diffusible constituents have yet been 
observed. Because of this we described our products as nucleoproteins and, 
except for their capacity for linear aggregation, the description satisfies 
their chemical and physical properties. We have already stated that after 
denaturation by heat only protein and nucleic acid have been found. The 
apparent absence from these viruses of diffusible constituents separates 
them sharply from the bacteria. A further point of difference is the 
apparent absence of water from the interior of the virus particles even when 
they are in solution. It is not the fact that these viruses can be dried 
without losing all their activity that distinguishes them, for this is a 
property possessed by some organisms, but it is the fact that they normally 
occur with no internal water that is unusual. The X-ray measurements 
already published (Bawden and others 1936) show that the intramolecular 
spacings are the same whether the measurements are made on dilute virus 
solutions or on dried films of virus. Only the intermolecular spacings alter, 
and these are a function of the concentration of the virus solutions. From 
these results it follows that the internal composition of the individual 
particles is the same whether the particles are dissolved or in a dried film, 
for any picture that we may form of a structure able to expand sufficiently 
to contain an amount of water comparable with that usually found in 
bacteria, without in any way affecting the distance between the groups 
causing the X-ray reflexions, is too improbable to be taken at all seriously 

* [Note added in proof 10 June 1937. — Bemal and Fankiichen (1937) now state 
definitely that the solid preparations of virus as yet studied are not true three- 
dimensional crystals.] 
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at present. The individual virus particles, therefore, seem to be solid 
masses of protein with no interstices, and this interpretation agrees well 
with the observed specific gravity of the material. In the matter of water 
content the particles much more nearly resemble protein molecules than 
they resemble either bacteria or the crystals of those proteins, such as the 
albumins, which have an open structure. 

The fact that the individual particles contain no water makes it difficult 
to understand what forces hold apart the particles in the jellies which 
separate when the virus solutions are centrifuged at high speed, for, 
although they all have similar appearances, the jellies can have solid 
contents varying between 10 and 30 %. Regardless of the initial solid 
content, these jellies when diluted with water all give solutions that cease 
to be spontaneously birefiringent at about the same concentration. From 
this fact we may argue that the constituent particles in all the jellies are 
of about the same length, by analogy with Staudinger’s (1932) treatment 
of the behaviour of suspensions of rods at different concentrations. 
Staudinger has found that the graph relating the viscosity of a suspension 
of rods with its concentration has a sharp break at a concentration at 
which the rods have insufficient space for free rotation. It is reasonable 
to assume that in dilute solutions the anisotropic virus particles have 
sufficient room to move freely in all directions, and therefore are distributed 
at random. In bulk such dilute solutions will therefore be isotropic unless 
the random arrangement is interfered with by such forces as shearing. 
In virus solutions of a certain concentration, however, the virus particles 
are so close together that rotation about the two shorter axes becomes 
impossible,^ although translational motion is relatively unimpeded. At this 
concentration the fiuid will consist of a three-dimensional mosaic of regions 
arranged at random to each other, but in each of which all the rod-shaped 
particles will lie approximately parallel. The concentration at which the 
isotropic virus solutions will become anisotropic (or top-layer fiuids will 
become bottom-layer fluids) will depend on the length of the rod-shaped 
particles. It also depends on other factors, for impurities, such as virus 
breakdown products, can impede greatly the separation of the liquid 
crystalline layer. 

When a layer of spontaneously birefringent virus solution is examined 
with a lens or a microscope through crossed Nicol prisms, the regions of 
parallel orientation are seen as coloured areas of different hues, for the 
colour given depends on the path difference between the ordinary and the 
extraordinary ray in each region, and this in turn depends on the thickness 
of the region and on the angle that the direction of the rods makes with 
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the plane of polarization. The size of the regions of parallel orientation 
varies inversely with the virus concentration. The reason for this is 
unknown, but with a little practice it can be used to estimate the con- 
centration of bottom-layer virus solutions with some accuracy. 

If Staudinger’s theory can be applied to these virus preparations it is 
possible to obtain an estimate of the length of the rods into which the virus 
is aggregated during the processes of purification. At the critical con- 
centration for the formation of a spontaneously birefringent virus solution 
the ratio of the volume occupied by the virus to that occupied by the water 
should equal the ratio of the volume of the rod to the volume in which the 
rod can rotate freely. The volume in which it can rotate freely cannot be 
less than that of a flat cylinder the diameter of which is the length of the 
rod and the depth of which is the width of the rod ; and it cannot be greater 
than the volume of a sphere the diameter of which is the length of the rod. 
The X-ray measurements show that each rod has an effective diameter 
of 162 A and an area of 20,100 sq. A in the dry state, and we have already 
suggested that the area is unchanged by dissolving. For tobacco mosaic 
virus the critical concentration at which a solution becomes spontaneously 
birefringent is 1-6%, and as the specific volume of the virus is 0*73, there 
are sufficient data to calculate the length of the rods. If the length of the 
rods be taken as 2L, and if the volume required for the free rotation of the 
rod be a cylinder, then 

100-(l-6x0-73)_ 152x7ri2 
1-6 X 0-73 ~^100x2i’ 

while if the volume required for free rotation be a sphere, then 

100- (1*6 X 0-73) _ 

1-6 X 0-73 “ 20,100 x 2L* 

The two values of L that satisfy these equations are 7000 and 890, giving 
the length of the rods as 14,000 and 1780 A. It is obvious that these 
figures can be used only to give the order of magnitude of the particle 
length, for a large number of assumptions have been made in the calculation. 
Staudinger argues that his solutions turn from the sol to the gel state when 
the volume available for each rod is much less than the volume of a flat 
cylinder. If we adopt this view, then the aggregated virus particles will 
have a length of 14,000 A, and the reason for their not passing a membrane 
with pores of 4600 A in diameter is readily understood. 

All the layering and other phenomena have been studied in neutral 
aqueous solutions. As the isoelectric point of the viruses is considerably 
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on the acid side each rod will carry at jpH 7 a large number of negative 
charges, for the apparent equivalent weight is only 4000, whereas a particle 
with a length of 14,000 A and a cross-section of 20,100 sq. A would weigh 
about 200,000,000 times as much as a hydrogen atom. The fact that the 
particles are so highly charged may account for the rigidity of the jellies 
which are sedimented when the virus solutions are centrifuged at high 
speed, and explain why the virus particles cannot be packed tightly by 
centrifuging. The large charge also seriously complicates a theoretical 
interpretation of the critical concentration at which the virus solutions 
become spontaneously birefringent. 

The individual strains of tobacco mosaic virus cause quite characteristic 
symptoms in plants and it is obvious that they must differ from each other, 
but as yet we have noticed very few clearly defined distinctions. Of these, 
the difference in the solubUity of the virus-clupein precipitates is the most 
definite. Bernal will report elsewhere that the three strains we have used 
give an X-ray pattern of identically spaced lines, but the intensities of the 
individual lines differ with the different strains. Wyckoff, Biscoe and 
Stanley (1937) state that aucuba mosaic virus has a sedimentation rate 
greater than tobacco mosaic virus and deduce from this that it has larger 
particles. This is difficult to correlate with our results. The X-ray measure- 
ments show that the two strains have the same area of cross-section and 
shape, and we have been unable to produce spontaneously birefringent 
solutions of aucuba mosaic virus as dilute as those of tobacco mosaic virus. 
If this property is a function of the length of the particles the observation 
suggests that the rods of aucuba mosaic virus are the shorter. 

The physical and chemical properties and general appearance of solutions 
of the three strains are very similar. Stanley (1936a) in his paper on tobacco 
mosaic virus made no mention of a sheen in his preparations, but recently 
(1937) he has claimed that solutions of aucuba mosaic virus show a more 
pronounced sheen than solutions of tobacco mosaic virus, and that aucuba 
mosaic virus is more easily precipitated by ammonium sulphate and has 
an isoelectric point at pH 3*7 instead of pH 34. We are unable to agree 
with the first statement, for with a large number of different preparations 
of the three strains we have observed no consistent differences. The amount 
of sheen noticeable in a solution of given concentration, salt content and 
pH value varies with different preparations of the same strain, and becomes 
less if the solution is allowed to remain quite still for a long time or if it is 
centrifuged at high speed. Similarly, the ease with which the viruses can 
be sedimented in the presence of dilute ammonium sulphate solution 
varies greatly with different preparations of the same strain, unless the 
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preparation has been subjected to one of the treatments we have described 
for further purification. Differences noticed in the ease of precipitation 
with salts require cautious interpretation until the purity of the material 
used has been much more clearly defined. 

The three different strains are closely related serologically, but antigenic 
differences can be found between them by cross-absorption experiments. 
These experiments will be described in a later paper. 

The means by which these viruses increase in the plant are unknown. 
Stanley (1936a) suggests that the viruses are autocatalysts and cites 
trypsin and trypsinogen as an analogy. Although this view cannot be 
disproved there is some evidence against it. No protein has yet been found 
in healthy plants that is so similar to the virus as trypsinogen is to trypsin. 
Wyckoff, Biscoe and Stanley (1937) give the molecular weight of the virus 
protein, calculated from centrifugal data, as greater than 10,000,000, but 
they could find no particles in healthy sap with a molecular weight of more 
than 30 , 000 . The amount of soluble protein in healthy tobacco plants is 
considerably less than that in infected plants. These facts make it improbable 
that the virus can catalyse the conversion of a normal soluble constituent 
of the plant into virus. Definite conclusions on the autocatalytic hypothesis 
can, however, only be drawn when we have much more information about 
the differences between those constituents of infected and healthy plants 
which are insoluble in water. It is possible that the virus is built up from 
molecules which are essential to the normal plant in small quantities; 
presumably if these were converted into virus the plant would be stimu- 
lated to produce more, and in this way the additional soluble protein in the 
infective saps could be explained. It is tempting to associate the materials 
from which the virus is reproduced with cell division or growth, for sap 
from actively growing plants is much richer in virus, and systemic symptoms 
are usually produced only in those parts of the plants that are growing. 
There is no positive evidence for this view, but the observation of Sheffield 
(1936) that mitosis precedes the production of local lesions in Nicotiana 
glutinosa, even when the leaves are mature and cell division has normally 
ceased, does perhaps support it. 

Tobacco mosaic virus is one of the smallest and most stable of plant 
viruses. It differs widely from most others in many of its properties, and 
it is doubtful if the results we have described can be at all generally applied 
to plant viruses. Some presumptive evidence that the activity of potato 
virus “JT” is connected with protein has already been described (Bawden 
and Pirie 1936), but that this protein differs widely from those derived 
from tobacco mosaic plants is quite evident from their different behaviour 
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in the presence of proteolytic enzjnnes. From cucumber plants infected 
with cucumber viruses 3 and 4 we have isolated nucleoproteins similar in 
many of their properties to those described in this paper (Bawden and 
Pirie 1937 ). The cucumber and tobacco mosaic viruses have different host 
ranges and differ in some of their physical properties. The cucumber 
viruses have at least one antigen in common with tobacco mosaic, and 
purified preparations readily show anisotropy of flow and give dilute liquid 
crystalline solutions. The ability of tobacco mosaic virus preparations to 
show these phenomena is much more closely linked with their serological 
activity than with infectivity, for preparations inactivated by heat, drjdng, 
acid or alkali lose their serological activity and their ability to give aniso- 
tropic solutions, but when infectivity is destroyed by some other agents, 
such as X-rays and nitrous acid, the preparations still retain their full 
serological activity and still readily show anisotropy of flow and form 
dilute liquid crystalline solutions. 

We have great pleasure in thanking Mr. E. T. C. Spooner for preparing 
all the antisera used, Dr. K. M. Smith and Mr. J. P. Doncaster for doing 
the flltrations through collodion membranes, and Mr. J. D. Bernal for 
much help and advice. 


Summary 

Nucleoproteins with characteristic optical properties have been isolated 
from solanaceous plants infected with three strains of tobacco mosaic virus 
but not from healthy plants. These proteins are infective at a dilution 
of 1 / 10 ^® and give specific precipitates with antisera at a dilution of 1 / 10 ’. 
Solutions of the highly purified proteins separate into two layers if the 
protein content is raised above about 2 % . The lower layer is the more 
concentrated and is birefringent, while the upper layer shows anisotropy 
of flow. There is no essential difference in the virus activity, expressed in 
terms of solid content, of the two layers. The anisotropy of flow can be 
easily recognized in solutions containing only 0*02% of protein. When 
centrifuged at high speeds these solutions deposit the protein in the form 
of a birefringent jelly. 

No enzyme preparation has yet been found which attacks these proteins 
at an appreciable rate, but the activity can be affected by a number of 
chemical agents. 

The stability towards drying and heating has been studied and the 
conditions under which the nucleic acid/protein complex breaks down. 
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The physical properties of virus preparations and the X-ray measure- 
ments on them are interpreted on the theory that in purified preparations 
the constituent particles are rod-shaped, and it is suggested that these rods 
are built up by the linear aggregation of smaller units. There is evidence 
that, in the plant, part at least of the virus is not aggregated, for filters 
which pass an infectious filtrate with untreated plant sap do not do so 
with purified preparations. 

The relationship between the nucleoproteins and the viruses is discussed. 
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Description op Plates 

Plate 12 

Fig. 1 — Photograph, in polarized light, of a 2 % solution of purified tobacco mosaic 
virus which has been allowed to settle. The lower layer is birefringent, whereas 
the upper shows only anisotropy of flow. 

Fig. 2 — Two identical jets of 0*2% Enation virus solution are flowing into a glass- 
sided cell 6 mm. deep and full of the same virus solution. The cell has crossed 
polarizing screens on opposite sides, the plane of polarization of the incident 
light is horizontal. One jet, A, is flowing in the plane of polarization, whereas 
the other, B, is at an angle of 46° to it. The stream B shows clearly, whereas 
the stream A is not itself visible but only the turbulence on either side of the 
actual jet can be seen. From this it is clear that the appearance of a virus 
solution in polarized light does not give a true picture of the actual motion of 
the fluid. The actual motion can be deduced from it, however, if we know how 
the appearance of the individual anisotropic rods varies as they rotate about 
an axis lying in the plane of polarization. (Natural size.) 

Plate 13 

Figs. 3 and 4 — Photomicrographs, in polarized light, of the interface between 
“top” and “bottom” layers in a cell 1 mm. deep. In fig. 3 the photograph 
was taken after 6 hr. and in fig. 4 after 24 hr. when the separation had become 
complete. The “bottom” layer is, as described in the text, highly coloiured. 
(Magnification x 8 .) 
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Four viruses affecting cucumber plants have been described by Ainsworth 
(1935) as cucumber viruses 1, 2, 3 and 4. These fall into two pairs, the 
individuals of each pair possessing similar general properties. Viruses 1 and 2 
are transmitted by aphids, are inactivated by 10 minutes’ heating at 60° C., 
or by a few days’ ageing in expressed sap, and are readily transmitted to 
members of the Solanaceae and other families. Cucumber viruses 3 and 4 
are apparently not transmitted by aphids, are not inactivated by 10 minutes’ 
heating at 80° C., or by some months’ ageing in expressed sap, and they have 
not been transmitted to any plants except members of the Cucurbitacese. 
A further fact which relates viruses 3 and 4 and separates them from 1 and 2 
is that cucumber plants infected with virus 3 are resistant to further infection 
with virus 4, but are still quite susceptible to viruses 1 and 2. Viruses 3 and 4 
are differentiated merely because they cause different symptoms. Cucumber 
plants infected with virus 3 show a general dark green mottle and the leaves 

1 
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become somewhat blistered and deformed, while those infected with virus 4 
show a bright yellow blotchy type of mottling and but little blistering or 
deformation. 

Ainsworth’s results suggest that the relationship between viruses 3 and 4 
might be of the same type as that between the strains of tobacco mosaic 
virus, and they also show that the stability of the two viruses in vitro is of the 
same order as that of tobacco mosaic virus. As far as is known the recognized 
strains of tobacco mosaic virus and cucumber viruses 3 and 4 have no common 
host plants : we have been unable to infect cucumber plants with three 
different strains of tobacco mosaic virus ; other workers have found the 
members of the Cucurbitacese to be immune to tobacco mosaic virus, and, as 
already stated, Ainsworth found the host range of cucumber viruses 3 and 4 
to be restricted to the Cucurbitaceae. Comparative infection experiments 
with the different viruses therefore cannot be made, and it is impossible to 
determine whether they are sufficiently related to immunize plants against 
one another. The results presented in this paper show that in spite of the 
wide differences in the host ranges of the two groups of viruses they are fairly 
closely related. They have antigens in common, and from cucumber plants 
infected with viruses 3 and 4 we have isolated nucleoproteins infective at 
high dilutions (Bawden and Pirie, 1937a). These nucleoproteins have similar 
analytical figures and many properties similar to those previously isolated 
from solanaceous plants infected with strains of tobacco mosaic virus (Bawden 
and Pirie, 19376). The differences at present noted between cucumber viruses 
3 and 4 and strains of tobacco mosaic virus, however, are considerably greater 
than those noted between the individual strains of tobacco mosaic virus. 

PREPARATION. 

The general methods described for the purification of the strains of tobacco 
mosaic virus have been used for the cucumber viruses, but as the latter proved 
rather more difficult to isolate, certain modifications of the original method 
have been made. The final yields obtained have also been less, averaging from 
0*2 to 0*3 g. per 1. of expressed cucumber sap as compared with about 2 g. 
with tobacco mosaic virus. Cucumber viruses 3 and 4 precipitate from plant 
sap at around pH 4-8, whereas the strains of tobacco mosaic virus precipitate 
at around pH 3*4. This fact possibly accounts for some of the difficulty 
experienced in freeing the cucumber viruses from plant proteins by precipi- 
tation methods. It is also of interest in view of the different host ranges of 
the two groups of viruses ; for the pH value of expressed cucumber sap is between 
7 and 8, whereas that of tobacco sap is between 5 and 6. Of the methods of 
preparation yet tried the following has proved most effective. 

Cucumber plants are picked about a month after infection when they are 
showing most definite symptoms, minced in a meat mincer and the sap expressed 
through muslin. The mincing is easier and more sap is obtained if the leaves 
are first sprinkled with a dilute solution of sodium cyanide. This also has 
two other useful effects : it largely prevents the formation of highly coloured 
oxidation products which are difficult to remove from the final preparation, 
and it increases the yield of virus by raising the alkalinity of the extract. 
0*5 to 1 g. of cyanide sWld be used for each kilogram of leaves. The expressed 
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sap is then heated to 70° C., and rapidly cooled. This treatment produces a 
flocculent precipitate, which aggregates quickly and is readily thrown down by 
centrifuging. The precipitate should be thoroughly washed in water and 
again centrifuged, for a certain amount of virus adheres to it. 

The greenish-brown supernatant fluid is then brought to about pH 4-8 by 
the addition of HCl, and the precipitate produced is centrifuged off. The 
precipitate is suspended in water and dilute NaOH solution added to bring the 
pH to about 7*5, when the suspension is centrifuged. Sufficient ammonium 
sulphate is now added to the clarified supernatant to give a quarter saturated 
solution, and the precipitate formed is centrifuged off. This precipitate is 
taken up in water, centrifuged and the precipitate discarded ; the supernatant 
fluid is then again one quarter saturated with ammonium sulphate. The 
precipitate obtained at this stage of the preparation is usually greyish in 
colour, and shows a pronounced satin-like sheen similar to that shown by 
preparations of tobacco mosaic virus. When examined microscopically 
(preferably with dark-ground illumination) it is seen to be comi)osed of fairly 
regularly shaped needles, similar to those which Stanley (1936), working with 
tobacco mosaic virus, described as crystals. Bernal and Fankuchen (1937), 
however, have now pointed out that these needles lack the regularity charac- 
teristic of true crystals, and that they are ordered in two dimensions only. 
The precipitate is centrifuged down, dissolved in water and the solution again 
centrifuged. It easily comes clear by transmitted light, although retaining an 
intense sheen by reflected light. This fluid is diluted somewhat, and is then 
brought to about pH 4-8 by the addition of A^/10 HCl, when a precipitate 
with the sheen is again produced. This is thrown down and then washed 
several times by stirring up with water and repeated centrifuging. When the 
water used for washing is nearly free from sulphate, the precipitate is dissolved 
by the addition of dilute NaOH solution. At this stage in the preparation of 
the strains of tobacco mosaic virus it was noticed that the precipitation point 
with acid showed a definite shift, and the precipitate obtained at pH 3*4 from 
dilute salt solutions became soluble at this pH when salt-free. This shift is 
presumably similar to the rather smaller shift in the same direction that has 
been observed with certain other proteins (Adair and Adair, 1934 ; Smith, 
1936). Most preparations of cucumber vii’uses 3 and 4 have not shown a 
shift of this type, but a few were found to sediment more easily at about 
pH 5*5 when salt-free than they did at pH 4*8. In the complete absence of 
salt the viruses are not readily sedimented by centrifuging at 3500 r.p.m. 

At pH 6 preparations of cucumber viruses 3 and 4 are definitely more 
turbid than are those of tobacco mosaic virus of the same concentration, but 
the turbidity disappears at above pH 7. Neutral aqueous solutions of the 
material prepared in this way, especially if young cucumber plants are used 
as a source of the virus, are sometimes quite colourless, and if more concentrated 
than about 3 p.c. separate on standing into two liquid layers. More often, 
however, preparations at this stage are quite definitely coloui'ed and do not 
layer. Such preparations can only with difficulty be fractionated further by 
more precipitations with acid and ammonium sulphate. All the material in 
the solutions is precipitated by these treatments apparently in the para- 
crystalline form. Such preparations can easily be purified further either by 
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incubation with trypsin or by high-speed centrifugation. When preparations 
have been incubated with about 0*2 p.c. trypsin at 38® C. and at pH 8 overnight 
they have always given colourless neutral solutions which separated into two 
layers, after two or three further precipitations with acid or ammonium 
sulphate. Alternatively, the material can be fractionated by centrifuging the 
neutral solutions at 16,000 r.p.m. This treatment sediments a transparent 
jelly, which dissolves in water to give a colourless solution that separates into 
two layers. 

The layering phenomenon in purified preparations of cucumber viruses is 
similar to that previously described with the strains of tobacco mosaic virus 
(Bawden and Pirie, 19376). It has not been studied in such detail with 
cucumber viruses 3 and 4, but as yet it has been observed at room temperature 
only in solutions containing more than 2-5 p.c. of solids. At 0® C. layers can 
separate from more dilute solutions. The upper layer is the more dilute and 
by transmitted light is faintly opalescent ; the lower layer may be quite clear 
by transmitted light but generally has an intense sheen by reflected light. 
When solutions are left undisturbed for some months the lower layer loses the 
sheen, but it regains it if it is shaken with the upper layer and then again allowed 
to layer ; similarly, if a sample of the lower layer is centrifuged at 16,000 
r.p.m. for half an hour a layer of perfectly clear liquid crystalline solution 
appears in the middle of the tube between the sedimented jelly at the bottom 
and the very dilute solution remaining at the top. This clear solution shows 
no sheen. It seems, therefore, that the sheen of the bottom layer is a result 
of incomplete separation, and is caused by droplets of top-layer fluid suspended 
in it, and is not a necessary consequence of its liquid crystallinity. The upper 
layer is not spontaneously birefringent, but readily shows the phenomenon of 
anisotropy of flow, i. e. it becomes birefringent when agitated or when flowing. 
The jellies which sediment when neutral or acid solutions of cucumber viruses 
3 and 4 are centrifuged at high speed are also birefringent. 

The sheen and the phenomenon of anisotropy of flow suggest that these 
particles, like those of tobacco mosaic virus, are rod-shaped, and this has been 
confirmed by the X-ray measurements of Bernal and Fankuchen (1937). 


ANALYSIS. 


Dried preparations of cucumber viruses 3 and 4 closely resemble similarly 
treated preparations of strains of tobacco mosaic virus. When dried in the 
frozen state the material has a light open texture and is easily handled. After 
drying the material is still infective, but its ability to show the phenomenon of 
anisotropy of flow is much reduced and its serological activity is reduced to 
about one-half. The analytical figures obtained have varied slightly from 


preparation to preparation, but normally fall in the following ranges : 
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The phosphorus and carbohydrate contents were estimated by the methods 
previously described (Bawden arid Pirie, 19376). The phosphorus and carbo- 
hydrate can be isolated as nucleic acid after these viruses have been inactivated 
by heating, in the same manner as previously described for the strains of 
tobacco mosaic virus. The intact nucleic acid -f protein complex resists 
attack by trypsin preparations containing nuclease, but when the complex 
has been disrupted by heat the components are readily attacked by this enzyme 
mixture. Schmidt (1936) has found other nucleoproteins to behave in this 
way. 

Further evidence that the nucleic acid and protein are combined and not 
merely mixed in the virus preparations, as Stanley states (1937a and 6), was 
obtained by analysing the precipitates obtained by centrifuging the virus 
preparations at a high speed. When solutions of the cucumber viruses are 
centrifuged at 16,000 r.p.m. at pH 8 and pH 3 birefringent jellies are deposited. 
After drying, both these have the same nucleic acid content as the material 
that is obtained by centrifuging at low speeds at the acid precipitation point. 
Stanley (19376), in an attempt to show that the protein he had isolated was 
tobacco mosaic virus and not a mixture of protein and virus, centrifuged his 
products at a number of pH values on either side of the iso-electric point, and 
showed that the sedimentation rate of the virus (measured by infectivity tests) 
was the same as that of the protein. From this he argues that the virus is not 
merely a contaminant adsorbed on to the protein, for if it were it should come 
off when the pH is sufficiently altered. If this is a valid argument it should 
also have been possible to separate the nucleic acid from the protein in our 
experiments by altering the pH if the two components were merely mixed. 

The only evidence against our conclusion that the isolated materials are 
nucleoproteins is in tw^o of Stanley’s statements. Firstly (1936), he stated 
that his preparations of tobacco mosaic virus contained no phosphorus, and 
secondly (19376), that, as usually prepared, they contain phosphorus and 
carbohydrate in the form of nucleic acid, but that this is inessential for virus 
activity and can be removed by prolonged alkaline dialysis. Best (1936) has 
shown that the infe(;tivity of tobacco mosaic virus preparations is reduced to 
one half by 12 hours’ exposure at room temperature and pH 8*2. Stanley 
has published no figures to show that the serological activity and infectivity 
of his virus preparations are unaffected by the treatments used to remove 
the phosphorus and carbohydrate. In our experience those treatments which 
lower the phosphorus content to a level at which its detection becomes difficult, 
i. e. 0*05 p.c. or lower, invariably lead to a corresponding decrease in the 
activity of the virus preparations. The resulting products are still highly 
infective, e. g. infections may be obtained with as little as 10~® or 10~®, but it 
seems reasonable to assume that these infections are brought about by the 
remaining, undecomposed nucleoprotein, and not by the dephosphorylated 
protein which constitutes the bulk of such material. 

ACTIVITY AND SEROLOGICAL REACTIONS. 

No host plants are known in which cucumber viruses 3 and 4 produce 
local lesions, and the quantitative methods used for determining the infectivity 
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of the tobacco mosaic virus preparations at various dilutions could not be 
employed. The infectivity of the purified cucumber viruses was therefore 
tested merely by rubbing the leaves of cucumber plants with 1 c.c. of solutions 
containing various amounts of nucleoprotein, and noting the greatest dilution 
at which systemic infections were obtained. The results of six tests of this 
type are shown in Table I, and it will be seen that the smallest amount required 
to produce infection has varied from 10“® to g. 

Table I . — Infectivity of Purified Preparations of Cucumber Viruses 3 and 4. 

Dilution. 


V iruH. 

10"’. 

10-». 

10"». 

Cucumber 3 . 
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„ 3. . 

. ++ 

+-I- 

++ 

3. . 
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» 4. . 

• + + 

++ 
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„ 4. . 
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„ 4. . 

• + + 

++ 
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The dilution is given in grammes of protein per c.c. of inoculum and two plants were inoculated 
with 1 c.c. each at every dilution. The -{- sign indicates systemic infection and the — sign 
indicates that the plant remained healthy. 


Tobacco (var. White Burley), tomato, Nicotiana glutin^sa, and Golden 
Cluster beans, which are all susceptible to tobacco mosaic virus at high 
dilutions, did not become infected when inoculated with solutions containing 
as much as 1 p.c. of the nucleoproteins isolated from infected cucumber plants. 

The purified preparations of cucumber viruses 3 and 4 are antigenic, and 
antisera precipitating at a dilution of 1 in 1000 were produced by giving rabbits 
a single intravenous injection of 5 mg. With these antisera the serological 
titres of the virus preparations were determined by the technique previously 
described, 1 c.c. of virus solution at various dilutions being mixed with 1 c.c. 
of antiserum at a constant dilution. The highly puiified, liquid crystalline, 
preparations of cucumber viruses 3 and 4 have given precipitation end points 
of from activity is, therefore, very similar to that of 

purified tobacco mosaic virus, and the serological titres are of the same order 
as those obtained with other highly purified antigens. 

The serological titre of the material as normally prepared gives an accurate 
index of its infectivity, but certain treatments, e. g. with nitrous acid or 
exposure to X-rays, destroy infectivity without affecting the serological 
reactions. Preparations of cucumber viruses 3 and 4, rendered non-infective 
by aucih methods, still show anisotropy of flow and form liquid crystalline 
solutions, and when preci})itated with acid or ammonium sulphate form para- 
crystals indistinguishable from those of fully active virus. 

The infectivity of our purified virus preparations is not sufficiently great 
for us to state that they contain only virus particles, and that the nucleoproteins 
are therefore necessarily the viruses. The high serological titres and data 
from centrifuging and X-ray experiments suggest that our material is not 
grossly contaminated, but there remains the possibility that the nucleoproteins 
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we have isolated are antigens peculiar to the infected plants, and that they 
are “ contaminated ” with small amounts of virus responsible for the infec- 
tions. If this is so, then we must assume that in addition to the viruses 
themselves multiplying in the infected plants they also produce (or cause to 
be produced) the nucleoproteins, for these have not been isolated from healthy 
plants. We have no evidence that infectivity can in any way be dissociated 
from the nucleoprotein : infectivity is closely correlated with the amount of 
protein, and loss of infectivity is accompanied by changes in the protein, and 
denaturation of the protein by heat, acid or alkali is accompanied by loss of 
infectivity. 

At the present stage of the work it seems most reasonable to assume that 
the nucleoproteins are the viruses, but to remember that the point is not 
proved, and the possibility still exists that the nucleoproteins are disease 
products to which the viruses are firmly attached. 

Cross-precipitation tests with cucumber virus 3 as antigen and tobacco 
mosaic virus antiserum, and vice versa, have shown that the two viruses are 
serologically related, for both antigens precipitate with both antisera. The 
serological titres given by preparations of either virus are practically indepen- 
dent of the antiserum used, but the range of antigen (lilution over which 
precipitation takes place varies greatly with different antisera. When the 
cucumber viruses are titrated against a constant amount of the antiserum to 
any of the three strains of tobacco mosaic virus which we have used, there is a 
central zone of precipitation with large zones of non-precipitation in the 
antigen excess region (see Table II). When any of the three tobacco mosaic 
viruses are titrated against a constant amount of antiserum to cucumber 
virus 3 at the same dilution there are similar zones of non -precipitation in the 
antigen excess region. When cucumber viruses 3 and 4 are titrated against 
cucumber virus 3 antiserum, or when any of the three strains of tobacco mosaic 
virus are titrated against either their own or each other's antiserum, the zones 
of non-precipitation in the antigen excess region occur only where the antigen 
is very much more concentrated, and the zones are therefore smaller. The 
results of an experiment in which tobacco mosaic virus and cucumber virus 
3 were titrated against the four antisera are shown in Table II. It will be 
seen that there are differences in the range of precipitation of the antisera to 
the individual strains of tobacco mosaic, but these are extremely small in 
comparison with the differences between the tobacco and the cucumber 
viruses. 

Many virus workers have shown that the individual strains of plant viruses 
are serologically related, and at the present time it seems that all viruses which 
have the power of immunizing plants against one another are serologically 
related. Only Chester (1936) has shown that the strains are not serologically 
identical. Chester, using clarified infective sap as his antigens, found that he 
could absorb tobacco mosaic virus antiserum with Aucuba mosaic virus and 
then get no precipitate with the latter, but still get a precipitate with tobacco 
mosaic virus. Similarly, if Aucuba mosaic virus antiserum was fully absorbed 
with tobacco mosaic virus it would still precipitate with Aucuba mosaic virus. 
Chester also found that some of the strains isolated by Jensen (1933) were 
serologically identical with tobacco mosaic virus and others witli Aucuba 



Table II. — Precipitation of Tobacco Mosaic Virus and Cucumber Virus 3 with Different Antisera, 

1 . Tobacco Mosaic Virus as Antigen, 

Antiserum. Time. Dilution of antigen (1/1 = 1 mg. per c.c.). 

f/l^ 1 / 4 ] 1/16. 1/64. 1/256. 1/1024. 




In all tests the antiserum was used at a dilution of 1/50. 1 c.c. of antiserum was added to tubes containing 1 c.c. of antigen at given 

iilutions, and the tubes were immediately placed in a water- bath at 50® C. 

-f- signs indicate the degree of precipitation. 
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mosaic virus. Chester does not seem to have considered the possibility of 
quantitative antigenic differences and his tests seem to have been entirely 
qualitative ; after the sera had been absorbed, tests for further precipitation 
were made at only one antigen or antiserum dilution. The tests in which no 
precipitation was obtained do not therefore necessarily indicate that the 
serum was completely absorbed, as Chester states, for they may have been 
made in a region of antigen excess which inhibited precipitation, as shown in 
Table II. Using purified virus preparations we have made cross-absorption 
experiments between our virus strains and their antisera, and we have found 
differences of the same type as those described by Chester. In these tests, 
as in the straightforward precipitation tests, much greater differences were 
found between the cucumber and the tobacco viruses than were found between 
the individual strains of the tobacco viruses. In each test a preliminary 
experiment was made to determine the optimal combining proportions of the 
antigen (virus) used for the absorption and the antiserum to be absorbed. 
The optimal combining proi)ortions were determined by adding 1 c.c. of 
antigen at different concentrations to each of a series of tubes containing 
1 c.c. of serum at a constant dilution. The tubes were immediately placed 
in a water-bath at 50° C. and the proportions of antigen and antiserum in 
that tube whi(;h first showed a precipitate were taken as optimal (Topley and 
Wilson, 1936, p. 144). Antigen and antiserum were then mixed with the 
antigen in slight excess of its optimal value ; the mixture was then incubated 
for 2 hours at 50° C., placed in the ice-box overnight and then centrifuged. 
The supernatant fluid was then tested at a constant dilution against the 
antigen used for absorption at a number of different antigen dilutions. If 
there was no further precipitation it was then tested against the other virus 
strains, but if it still precipitated a second absorption was made. The sera, 
fully absorbed with one virus strain, were then tested for their ability to 
precii)itate with the different virus strains, the tests being made with anti- 
serum at a constant dilution and with antigen varying over a wide range of 
dilutions. 

The amount of virus required to absorb an antiserum varied greatly with 
the different antigens and antisera : it was greatest when antigens were used 
to absorb their homologous antisera, somewhat less when the strains of tobacco 
mosaic virus were used to absorb each other’s sera^ and very much less when 
cucumber virus 3 was used to absorb tobacco mosaic virus antiserum or tobacco 
mosaic virus to absorb cucumber virus 3 antiserum. When tobacco mosaic 
virus antiserum was absorbed with cucumber virus 3 the preci])itation of the 
serum with tobacco mosaic virus was only slightly affectecl, and the optimum 
precipitation point was only slightly shifted. Similarly, when cucumber 
virus 3 antiserum was completely absorbed with any of the three tobacco 
mosaic virus strains, its precipitation with cucumber virus 3 was only slightly 
affected. On the other hand, when antiserum to one strain of tobacco mosaic 
virus was fully absorbed with another strain its precipitation with the strain 
used for immunization was greatly affected, and the optimum })recipitation 
point showed a large shift. 

In Table III are shown the summarized results of several experiments in 
which the various antisera were absorbed vith different virus strains and then 



Table III. — Summarized Results of Cross-absorption Experiments, 

Precipitation tests with absorbed sera and antigens. 
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indicates that there is no precipitation. 
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tested for their precipitability with other virus strains. From these it is 
apparent that tobacco mosaic antiserum absorbed with Aucuba mosaic virus 
contains no residual precipitating antibodies, while when absorbed with 
Enation mosaic virus it still precipitates with Aucuba mosaic and tobacco 
mosaic viruses ; Aucuba mosaic virus antiserum after absorption with 
Enation mosaic virus still precipitates with both tobacco mosaic and Aucuba 
mosaic viruses, and after absorption with tobacco mosaic virus it still precipi- 
tates with Enation mosaic and Aucuba mosaic viruses ; Enation mosaic virus 
antiserum after absorption with Aucuba mosaic virus will still give a slight 
precipitate with Enation mosaic virus but none with tobacco mosaic virus, 
and after absorption with tobacco mosaic virus it precipitates with both 
Aucuba mosaic and Enation mosaic viruses. 

The results show that in addition to an antigenic fraction common to the 
three strains of tobacco mosaic virus examined, tobacco mosaic virus and 
Aucuba mosaic virus contain a fraction not present in Enation mosaic virus, 
Aucuba mosaic virus and Enation mosaic virus contain a fraction not present 
in tobacco mosaic virus, and Enation mosaic virus contains a fraction not 
present in Aucuba mosaic virus. If each fraction distinguished be represented 
by a letter, then the simplest formulae for the three strains which can adequately 
explain the results are : 

Tobacco mosaic virus A B. 

Aucuba mosaic virus ABC. 

Enation mosaic virus A — C D. 

It is to be expected that the use of a larger number of strains in the cross- 
absorption experiments would have shown further differences between the 
three strains, and it is possible that each of the symbols in the formulae represent 
groups of antigens rather than single antigens. If we assume that each of 
the components has an antigenicity of the same order as the others it would 
appear that the common fraction A is predominant ; for removal of the 
antibodies to A greatly reduces the power of an antiserum to precipitate. 
There is, however, no definite evidence on the relative quantities of the different 
antigens present in these strains. 

When tobacco mosaic virus antiserum is absorbed with either Enation 
mosaic or Aucuba mosaic virus it loses its power of precipitating with cucumber 
virus 3. The antigens which tobacco mosaic virus shares with cucumber 
virus 3 therefore must be contained in the common fraction A. The sero- 
logical relationship between tobacco mosaic virus and cucumber virus 3 is 
best explained by postulating that, in addition to the antigens specific to 
each, the two viruses have two common antigens, and that while the total of 
the two antigens in each is of the same order, tobacco mosaic virus contains a 
preponderance of one and cucumber virus 3 a preponderance of the other. 
If we call the common antigens X and Y, then tobacco mosaic virus might be 
indicated as (NX nY) and cucumber virus 3 (nX NY). The antibody response 
in the rabbit will probably not be directly proportional to the amount of each 
antigen present, but the quantitative difference between the two components 
of the antiserum will be smaller than that between the two components of 
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the antigen ; for, during the immunization of the rabbit, the major antibody 
response will reach a maximum while the minor antibody concentration in the 
serum is still increasing. If we take the purely arbitrary values of 80 for N 
and 1 for n, then tobacco mosaic antiserum might have the structure 80 anti-X 
and 10 anti-Y. Similarly cucumber virus 3 would be IX and 80 Y while its 
antiserum would be 10 anti-X and 80 anti-Y. If these units are taken as 
representing optimal combining amounts, i e. if 1 unit of X combines with 
1 unit of anti-X and 1 unit of Y with 1 of anti-Y, and if a precipitation test 
with constant antiserum is considered using both homologous and heterologous 
antigen, then a result of the type shown in Table IV would be expected if we 
assume that inhibition in the region of antigen excess takes place as in the 
experiments that we have already described. 


Table TV— Antiserum (Tobacco Mosaic Fim). 
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80 

. 40 

. 20 . 

10 

. 5 

concentration Y 

4 . 

2 . 

1 

. . . 

. • . . 

, , 


(T.M.V.) 1 

X-efifect 

. + + + . 

-f4 ++ . 

+ + + + 

• 4'++'f 

. + + + . 

K 

. 4 

Y-eflfect 

‘f . 

— 

— 

. — 

. 

— 

. — 

Combined effect . . . 

. + + -I-+ . 

!'+++ . 

I-4-++ 

. + +++ 

. . 

4+ 

. 4 

Heterologous antigen ] X 

4 . 

2 . 

1 

■ * 9 


.. 

.. 

(C.V.3)|Y 

. 320 . 

160 . 

80 

. 40 

. 20 ! 

10 

. 5 

X-offect . . . — 

. — 

— 

— 

. — 

. 

— 

. — 

Y-effeot 

. - 

— 

— 

. + 


+4 

. 4 

Combined . ... 

- 

- 

- 

. -1- 

. +4 . 

44 

. 1- 


It will be seen on reference to Table II that results of this type are obtained 
when either tobacco mosaic virus or cucumber virus 3 are titrated against 
their homologous and heterologous antisera, the antisera being used at a 
constant dilution, and that the large zones of non -precipitation obtained with 
the heterologous antisera can be explained on the basis that the ])recipitates 
are produced only by the minor antibody and the major antigen. An antigenic 
relationship of this type also explains the results of the cross-absorption 
experiments, for it is obvious that absorbing at the (constant serum optimum 
with the heterologous antigen will remove all the minor antibody but only 
slightly reduce the major antibody, and the precipitation of the serum with 
its homologous antigen will be but little affected. 

Although the antisera to the different viruses are demonstrably different 
in their precipitating antibody content, no differences have been found in 
their virus-neutralizing antibodies. When antisera to cucumber virus 3 or to 
any of the three strains of tobacco mosaic virus were mixed in vitro with any 
of the three strains of tobacco mosaic virus, they all proved equally effective 
in reducing the number of local lesions produced in N, glutinosa. The neutra- 
lizing effect is approximately proportional to the concentration of the anti- 
serum and no “ zone phenomena ” have been noted. 
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VIRUS-CLUPEIN PRECIPITATES. 

We have already shown (Bawden and Pirie, 19376) that a paracrystalline 
precipitate, closely resembling that obtained with acid or ammonium sulphate, 
develops wlien neutral solutions of clupein and tobacco mosaic virus are 
mixed, and that the solubility of the precipitate in salt solution varies with 
the different virus strains. This phenomenon has now been investigated 
more fully, and certain similarities and differences in the behaviour of the three 
tobacco and two cucumber viruses have been determined. The precipitation 
ai)pears to occur immediately the virus and clupein are mixed ; it is greatly 
affected by changes in pH value and salt concentration, but is unaffected by 
small variations in temperature. 

In the experiments described the amount of purified virus used was 
constant at 1 mg., while the other components of the system were varied and 
the final volume of the mixtures was 3*5 c.c. Readings of the extent of the 
precipitation were made by measuring the opacity of the suspensions with a 
j)hotoelectric cell. When mixed with neutralized solutions of clupein sulphate 
(B.D.H.) none of the vkuses gave a perceptible precipitate with 0-006 mg., 
and all gave maximum opacity with 0-05 mg. On the basis of their behaviour 
with intermediate quantities of clupein sulphate it was possible to divide the 
viruses into two groups ; for tobacco mosaic and Enation mosaic viruses are 
more easily precipitable than Aucuba mosaic virus or either of the cucumber 
viruses : for example, with 0-04 mg. both tobacco mosaic and Enation mosaic 
viruses developed rather more than 50 p.c. of the maximum opacity, whereas 
the other three developed only 10 p.c. 

Much more striking differences are obtained by varying the pH values and 
the salt contents of the mixtures, and these effects lead to a much better 
defined division of the viruses into tw^o groups. When a system containing 
0-06 mg. of clupein sulphate and 1 mg. of virus in 3-5 c.c. is studied, it is found 
that the precipitates with Enation mosaic and tobacco mosaic viruses are less 
soluble in the presence of salt than the precipitates with the other three 
viruses. For example, at pH 5*5 a suspension of the clupein compounds of 
Enation mosaic or tobacco mosaic virus in i//60, phthalate buffer has only 
half the opacity of a similar suspension in water, whereas with the other three 
viruses it is only necessary to raise the salt concentration to M 1200 at this pH 
to produce this reduction in opacity. On either side of pH 5-5 the precipitates 
with all 5 viruses become less soluble in salt, and approximately twice the 
concentration is necessary to reduce the opacity to half at pH 5 or 6 ; there- 
after the solubility rises again. The exact behaviour depends to a slight 
extent on the clupein-virus ratio, the strain of virus used and the particular 
salt ; it is therefore unprofitable to attempt at present to give any great 
precision to a description of the system. It is clear, however, that under 
similar conditions the solubility minima have nearly the same pH values for 
all five viruses. 

How far these results are generally applicable to viruses is unknown, but 
purified preparations of potato virus “ X ”, which are also liquid crystalline, 
give with clupein sulphate an amorphous precipitate which is presumably 
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analogous to the para-crystalline precipitates described here. In inter- 
preting histological appearances of virus-infected plants it is important that 
the existence of these complexes should be realized, for they are insoluble 
under conditions which may exist in the interior of cells, and similar virus 
precipitates are formed with some histones and protamines other than clupein. 

It is well known that plants infected with strains of tobacco mosaic virus 
contain intracellular inclusions of two types. The one consists of rounded 
vacuolate bodies (X-bodies) and the other of flat plates. Iwanowski (1903) 
showed that the latter become striated when made acid, and Goldstein (1926) 
confirmed this, and stated that when acidified they seemed to be made up of 
distinct rods or needle crystals. Beale (1937) has pointed out that the needles 
obtained by acidifying these plates closely resemble the “ crystals ” described 
by Stanley (1936) in his acidified tobacco mosaic virus preparations, and 
suggests that the plates are the source of the virus. Examined between 
crossed Nicol prisms the plates are seen to be birefringent when viewed edge- 
ways but not when viewed flat. As many of the plates are definitely hexagonal 
this suggests that they may be true hexagonal crystals, for these are bire- 
fringent only when viewed along the transverse axes. Highly purified prepara- 
tions of all five viruses give birefringent solutions, jellies and paracrystals, but 
no true crystals comparable to those seen in plants infected with strains of 
tobacco mosaic virus have yet been prepared. If, as the evidence suggests, 
the hexagonal crystals are depositions containing virus, there are several 
possible explanations for the different behaviour in the plant and after isola- 
tion. In the plant a process of slow crystallization which has not been 
simulated in vitro may go on ; or the plates may be composed of a virus-host 
complex similar to the precipitates we have described with clupein ; or the 
different crystalline states may have their origin in the different physical 
states of the virus before and after isolation. We have previously produced 
evidence indicating that during the process of purification the virus undergoes 
an irreversible aggregation, and it is possible that small units as they occur in 
the plant can arrange themselves in true crystals, whereas the larger aggregates 
in the isolated virus preparations cannot. The X-bodies are apparently quite 
different structures from these plates, for they are not birefringent, and Beale 
(1937) has shown that they are unaffected by acid. 

In cucumber plants infected with viruses 3 and 4 no intracellular inclusions 
have been seen, and if they occur it must be much more rarely than in solana- 
ceous plants infected with the strains of tobacco mosaic virus. The source 
of the virus therefore cannot lie entirely in the inclusions, as Beale suggests, 
but the absence of crystals from infected cucumbers might lend support to the 
idea that their production is a function of the concentration of virus ; for, as 
we have stated above, the yield of cucumber viruses per volume of expressed 
sap is much less than that of the tobacco mosaic viruses. Other factors, 
however, might equally well explain the absence of inclusions : for example, 
the sap of cucumbers is very much more alkaline than is that of solanaceous 
plants, and this would increase the solubility of either the viruses or of virus 
complexes of the type we have described. 
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DISCUSSION. 

It has been realized for some years that certain plant viruses occur in 
numerous strains : in general the strains possess similar host ranges and 
properties, but are differentiated because they cause different symptoms. A 
considerable amount of circumstantial evidence has also been accumulated, 
indicating that strains are continuously arising by a process analogous to 
mutation. Various workers have shown that recognized virus strains are 
closely related serologically, and that they have the power of immunizing 
plants against one another. A relationship of the tyi)e that exists between 
the tobacco mosaic viruses and cucumber viruses 3 and 4 does not seem to 
have been described before. Cucumber viruses 3 and 4 were recognized to 
be related strains, but because of their different host range they had not pre- 
viously been thought to be related to tobacco mosaic virus. From our results 
it is apparent that the five viruses studied fall into one main group ; the analytical 
figures for all are so similar that they afford no differentiation, and the differences 
in the physical and chemical properties yet found are on the whole trivial. 
They are sufficient, however, to show that the nucleoproteins isolated from 
plants infected with strains differentiated on phytopathological grounds are 
different proteins. They also show that the greater the differences in host 
range and symptoms caused, the greater the differences that can be detected 
in the properties of the isolated viruses, and suggest the advisability of 
differentiating and grouping viruses by other than usual phytopathological 
methods. Of these, the serological technique and X-ray analysis would 
appear to be most useful. Straight precipitation tests are sufficient to distin- 
guish between the tobacco mosaic viruses and the cucumber viruses, but to 
distinguish between the individual strains of tobacco mosaic virus the more 
sensitive cross-absorption test must be used. The X-ray measurements 
(Bernal and Fankuchen, 1937) show differences of the same order : all five 
viruses pack in the same manner, indicating that they are of the same general 
shape, but measurements of the main spacings are sufficient to distinguish 
between the tobacco mosaic viruses and the cucumber viruses, the latter having 
a smaller cross-section. The three strains of tobacco mosaic virus all give 
the same main spacings, but a consideration of the relative intensities of all 
the lines on the X-ray plate separates each strain with certainty from the 
others. 

The relationship of cucumber viruses 3 and 4 to the tobacco mosaic viruses 
is difficult to define. It was suggested (Bawden, 1934) that, in discussing the 
potato virus “ X ” group, relationships are found analogous to those 
indicated by genera, species and varieties. If this view be adopted here then 
all five viruses examined could be regarded as belonging to one genus, cucumber 
viruses 3 and 4 as varieties of one species and the three strains of tobacco mosaic 
virus as varieties of a second species of the same genus. 

Most plant viruses are not serologically related to tobacco mosaic virus and 
possess quite different properties in vitro. The fact that the five viruses described 
form such an uniform group gives us no reason to imagine that all other plant 
viruses are necessarily similar in their chemical properties. 
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SUMMARY. 

Methods are described for the isolation of nucleoproteins from cucumber 
plants infected with cucumber viruses 3 and 4. These have not been isolated 
from uninfected plants, and all the available evidence indicates that they are 
the viruses themselves. Infections were obtained with g., and specific 
precipitates with antiserum with 1/8 x 10"“® g. Concentrated solutions are 
spontaneously birefringent and dilute solutions show anisotropy of flow: 
when sedimented by high-speed centrifugation they form birefringent jellies, 
and when precipitated with acid or ammonium sulphate they form needle- 
shaped para-crystals. Although these viruses have a distinct host range from 
tobacco mosaic virus, the purified preparations have similar chemical composi- 
tions and many properties in common with purified preparations of strains of 
tobacco mosaic virus ; they differ from tobacco mosaic virus, however, more 
widely than the recognized strains of tobacco mosaic virus differ from each 
other. The cucumber viruses and the tobacco mosaic viruses have common 
antigens : the results of cross-absorption experiments between the various 
viruses and their antisera are described, and provisional antigenic formulae 
suggested. Possible methods of relating and distinguishing between viruses 
and the relationship between the cucumber and tobacco viruses are discussed. 

We have great pleasure in thanking T)r. G, C. Ainsworth for supplying us 
with cucumber viruses 3 and 4, Mr. E. T. 0. Spooner for preparing the antisera 
used, and Prof. A. A. Miles for suggesting the quantitative interpretation of 
our serological results. 
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A NOTE ON ANAPHYLAXIS WITH TOBACCO MOSAIC VIRUS PREPARATIONS. 

Chester (1936) showed that normal tobacco protein is strongly anaphy- 
lactogenic but that tobacco mosaic virus is not, for guinea-pigs sensitized 
with sap from infected plants could be desensitized completely with the sap 
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from healthy plants of the same species. Chester tested several preparations 
of tobacco mosaic virus prepared by Stanley, and although he found that they 
were not active anaphylactogens, yet they all reacted with guinea-pigs sensitized 
with healthy tobacco sap. Because of this Chester stated that the prepara- 
tions of tobacco mosaic virus then available (1936) contained demonstrable 
amounts of normal plant proteins. 

Dr. K. S. Chester has kindly tested one of our highly purified spontaneously 
birefringent solutions of tobacco mosaic virus which had been subjected in 
the course of the preparation to treatment with trypsin (Bawden and 
Pirie, 1937). This is the only preparation in which he has been unable to 
demonstrate the presence of normal protein by the anaphylactic test. 

Thirteen pigs were injected by Dr. Chester with doses varying from 
0*1 to 10*0 mg. of our preparation. The uterine horns from these pigs gave no 



Kymograph tracing with the two horns of the uterus of a guinea-pig sensitized with 1 mg. of 
normal tobacco protein 19 days before. At A, 10 mg. of our prejiaratnin was added, at 
B 1’5 mg. of normal tobacco protein, and at c, 5 mg. of a preparation made by Stanley’s 
technique. 


reaction with normal tobacco protein or with tobacco mosaic virus prepara- 
tions made by us or in the U.S.A. by Stanley’s technique. 

Six guinea-pigs sensitized with 1 mg. of normal tobacco protein reacted 
strongly both with tobacco protein (1-5 mg.) and with tobacco mosaic virus 
(5 mg.) prejiarations made by Stanley’s methods, involving repeated “ re- 
crystallizations ” and ultracentrifuging twice, but they gave no reaction with 
10 mg. of our product. The results of one of these tests are shown in the 
figure. 

We have previously suggested that the needles precipitated from solutions 
of tobacco mosaic virus by means of acid or ammonium suljihate arc not true 
crystals, and that there is no reason to assume that preparations are necessarily 
pure because their properties are unaffected by repeated “ recrystallization ”. 
Dr. Chester’s results show quite clearly that incubation with trypsin readily 
effects a fractionation that cannot always be obtained by precipitation methods 
or by centrifugation. 
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Brood Diseases of the Bee 

by H. L. A. Tarr-Harpenden, Herts. 

I. Distribution of the various diseases of the brood in different countries 


In many countries no accurate information with reference to the prevalence 
of the different brood diseases is available. No attempt has been made to construct 
exhaustive records of the distribution of these diseases in a very large number of coun- 
tries, the information given in the following tables having been obtained from different 
localities in which accurate surveys have been carried out. 

1. Switzerland (Morgenthaler^^®!)), 


Disease 

Cause 

Number of samples received i 
recorded below 

In the year 



1917| 

1918j 

1919 

I920|I92I 

1922 

1923 

1924 

1925 

1926 

American foul brood 
(BOsartige Faulbrut). 

Caused by Bacillus 
larvae 

White 

34 

34 

58 

96 

105 

69 

85 

94 

71 

74 

European foul brood 
(Gutartige Faulbrut). 

Probably caused by 
Bacillus piuton 

White 52,®,“, *8) 

8 

25 

21 i 

26 

22 

18 

32 i 

43 

32 

46 

Sac brood (Sackbrut) 

Caused by a filter- 
able virus (®^). 

— 

13 

15 

9 

2i 

12 

28 

37 

20 

s 

10 

Chalk brood (Kalkbrut). 

Caused by a mould, 
Pericystis apis 
Maassen^ ^). 

1 

1 

1 

0 

1 

1 

0 

2 

2 

4 

Stone brood (Steinbrut) 
(Aspergillus Mykose). 

Caused by Asper- 
gillus flavus. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Decomposing drone brood 
(Zersetzte Buckelbrut). 

Caused by a drone- 
laying queen. 

— 


— 

1 

19 

21 

24 

25 

26 

18 

14 

Uncertain or no disease 
(Keine oder Unbekannte 
Krankheit). 

Causes unknown. 

55 

‘ 58 

55 

39 

74 

68 

74 

84 

66 

61 
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(Table continued). 


Disease 

Cause 

Number of samples received in the year 
recorded below 



1927 

1928 

|1929 

1930 

1931 

1932 

1933 

1934 

1935 

American foul brood 
(BOsartige Faulbrut). 

Caused by Bacillus 

larvae 

White ®,«). 

62 

73 

75 

67 

85 

59 

81 

65 ! 

90 

European foul brood 
(Gutartige Faulbrut) 

Probably caused by B a- 
cillus pluton 
White 

47 

78 

54 


52 

73 

108 

121 

140 

Sac brood (Sackbrut). 

Caused by a filterable 
virus (®4). 


■ 



19 

18 

35 

19 

19 

Chalk brood (Kalkbrut). 

Caused by a mould, Pe- 
ricystis apis 
Maassen ^2, 13j 


1 

B 


7 

1 

5 

8 

8 

Stone brood (Steinbrut) 
(Aspergillus Mykose). 

Caused by Aspergillus 
flavus. 

0 

0 

1 

1 

0 

0 

0 

0 

0 

Decomposing drone brood 
(Zersetzte Buckelbrut). 

Caused by a drone- 
laying queen. 

24 

32 

29 

32 

22 

25 

39 

45 

39 

Uncertain or no disease 
(Keine Oder Unbekannte 
Krankheit). 

Causes unknown. 

59 

73 

80 

91 

116 

120 

135 

i 

120 

122 


2. Germany (Borchert 1, % 

The figures given in the following 
table include chiefly cases of brood di- 
sease found in the Provinces of: Preus- 
sen, Bayern, Sachsen, Thiiringen, Wurt- 
temberg, Baden, Hessen and Oldenburg. 


Disease 

Number of 

cases 
reported 
1930 1 1931 

American foul brood . . 

1844 

3996 

European foul brood.. . 

52 

73 

Chalk brood 

30 

24 

Stone brood 

9 


Sac brood 

60 

22 


3. England (Tarr^, 42, 43, 48)) 


Disease 

Number of cases 
reported *) 


1934 

1 1935 

1936 

American foul brood 

26 

43 

35 

f Addled brood 

17 

17 

24 

European foul brood 

8 

3 

2 

Sac brood 

2 

2 

0 

Chalk brood 

Chalk brood and drone laying 

2 

4 

5 

queen 

Drone laying queen and de- 

1 

1 

1 

composing brood 

American foul brood and Add- 

4 

0 

1 

led brood 

American foul brood and 

— 

1 

0 

Chalk brood 

— 

1 

0 

Chilled or neglected brood. . 

— 

— 

4 

Spray poisoning (?) 

— 

— 

1 

Totals 

60 

72 

73 


*) The figures given only represent samples voluntarily sent to the laboratory for diagnosis, 
f) This disease has been described elsewhere (Tarr^?). it is possible that some of the 
cases reported by Mo r gen thaler as „Keine Oder Unbekannte Krankheit" were this type of disease. 
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4. The Ufilted States of America. 

A record of samples of brood disease received at the Bee Culture Laboratory, Washington, 
U.S.A. from 1906 to 1925. (Sturtevant 38a), 


Disease 


Year 

American 

foul 

brood 

American 

foul 

brood (?) 

European 

foul 

brood 

European 

foul 

brood (?) 

Sac 

brood 

Sac 

brood 

(?) 

Mixed *) 
infec- 
tion 

Uncer- 
tain j) 

IBII 






— 


15 

m 

■■ 






— 

30 

1908 

18 


6 

4 

5 

1 


37 

1909 

178 

— 

136 

31 

66 

14 


116 

1910 

242 

— 

126 

38 

58 

16 


134 

1911 

236 

— 

156 

31 

54 

3 

I 

291 

1912 

108 

— 

145 

19 

74 

10 

— 

258 

1913 

89 

— 

96 

28 

58 

6 

— 

124 

1914 

73 

— 

96 

19 

27 

12 

— 

80 

1915 

107 

2 

100 

13 

23 

12 

— 

108 

1916 

123 

2 

66 

15 

20 

14 

2 

82 

1917 

147 

2 

91 

10 

47 

19 

1 

82 

1918 

189 


95 

5 

34 

11 

2 

78 

1919 

277 

2 

156 

15 

59 

25 

19 

94 

1920 

321 

— 

159 

2 

79 

16 

14 

117 

1921 

478 

1 

292 

8 

117 

27 

17 

138 

1922 

394 

1 

147 

3 

98 

17 

2 

146 

1923 

383 

1 

124 

2 

56 

12 

4 

176 

1924 

307 

1 

124 

2 

43 

5 

(?)1 

118 

1925 

312 

— 

97 

10 

28 

6 

2 

128 

1 

Total . 

4036 

15 

2260 

269 

970 

226 

(?)64 

2372 


*) American foul brood and European foul brood occurring in the same comb, 
f) Disease not definitely determined. 


5. Canada (Gooderham®, ®»)). 

(Samples sent voluntarily to the Central Experimental Farm, Ottawa, for diagnosis). 


No. of cases reported 


Disease 

1921 

1922 

1923 

1924 

1925 

1926 

1927 

1928 

! 

1929 

i 

1930 

1931 

to 

1933 

American foul brood 


8 

25 

24 

^ 8 

22 

48 

27 

16 

39 

125 

European foul brood 

— 

7 

16 

6 

9 

28 

27 

21 

17 

39 1 

29 

Sac brood 

— 

10 

0 

3 


■1 

El 

0 

0 

El 

0 

No disease 

■ 

1 

9 

5 


11 

1 17 

12 

7 

18 

89 

Totals 

20 

26 

50 

38 

19 

61 

92 

60 

40 

96 

243 
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The incidence of American foul brood and European foul brood in colonies of bees owned 
by members of the Vereins Deutsch-Schweizerische Bienenfreunde (V.D.S.B.) from 

1908—1935*). 



♦) (See Leuenberger 


The above results expressed graphically (Fig. 1) show that American foul brood has been 
treated successfully in Switzerland while European foul brood has commenced to increase 
seriously (Morgenthaler ^2), Leuenberger ®)). 
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Figure 1. 


7. Simultaneous ocourrence of American and European foul brood in a single colony of bees. 


American foul brood and European foul 
brood occasionally occur simultaneously in the 
same colony of bees: thus between 1905 and 1920 
of 7568 samples of diseased brood comb received 
at the Bee Culture Laboratory, Washington, 38 
were mixed infection. 


(Sturtevant 


Year 

Samples received 
containing both 
European and Ame- 
rican foul brood 

Number of 
samples received 
during the 
year given 

1911 

1 

1042 

1916 

2 

374 

1917 

1 

449 

1918 

2 

429 

1919 

18 

693 

1920 

14 

698 


The seasonal distribution of the 
samples was as follows; 
(Sturtevant 


Month 

Number of 
samples 

April 

5 

May 

9 

June 


July 

1 

August 

6 

September 

5 

October 

1 

November 

1 




Material 

from 

America. 






156 


H. L. A. TARR, tiROOD DISEASES OP THE BEE 


(Table continued). 


Temperature 

°C. 

Period of hea- 
ting in mins. 

Results shown by cultures 
(employing egg agar, White ®) 


0 

10 

Numerous spores alive (check) ^ 


91 

10 

Spores not killed about 1 /lO th. as many as in 
check 


95 

10 

All but two spores killed 


96 

10 

All spores killed 


98 

10 

>» >» t» ' 

Material 

99 

10 

>1 i» it 

from 

100 

1 

Spores not killed about 1/4 as many as in 
check 

England. 

100 

2 

All but 100 spores killed 


100 

3 

„ 20 „ 


100 

4 

»» »> 20 ,, ,, 


100 

5 

,, 20 „ „ i 

I 

0 

10 

Numerous spores alive (check) 


90 

10 

Spores not killed almost as many as in check 


92 

10 

Spores not killed about 1/4 as many as in 
check 

Material 

93 

10 

All but 30 spores killed 

) from 

94 

10 

M „ 100 „ 

France. 

96 

10 

12 

ff » ** ff f} 


98 

10 

>f ft 1 ft ft 


99 

10 

All spores killed / 


92 

10 

Numerous spores not killed | 


93 

10 

ft ft ff tf 


94 

10 

Fewer spores not killed 


95 

10 

»♦ ft ft ft 


96 

10 

ft ft ft ft 

Material 

97 

10 

Fewer alive than at 96° 

^ from 

98 

10 

97® 

»» ft tr tt 

. Cuba. 

99 

10 

About 12.000 spores not killed 


100 

10 

„ 200 „ „ „ 


100 

11 

,f 200 ff „ „ 


100 

12 

200 



Variations in the thermal death point of spores of B. larvae obtained from scales of dead 
larvae from different localities in the United States, (suspended in water). (White ^)). 


u 

o bC w 








a 

i-D .S .S 
' o t: P 

1 











e 

it 

h 

1 ^ ^ 

[a "= -5 

Wash. 

Minn. 

Nebr. 

Ohio 

111. 

Col. 

Wis. 

Penn. 

Penn. 

Ohio 

Mont 


10 

— 

— 

+ 

- 1 - 

+ 

■f 

■f 

■f 

4 - 

+ 

+ 


5 


— 

— 

— 

— 

— 



-f 


+ 


1 

— 

_ 


— 

— 

— 

— 

— 



— 

— 

98] 


~ 

__ 

— 


— 



+ 

+ 

4 * 

4- 

95 


-- 


— 

— 

— 

i 

— 

— 


— 

— 


— - spores not all killed. -\~ = spores ali killed. 

The reason for the variation in the thermal death point of spores of B. larvae from 
different localities is not known. 
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Resistance of the spores of B. larvae to a temperature of 100° C. when suspended in water 
(Cuban sample used). (White 


Period of 
exposure in mins. 

Results shown by cultures (employing egg 
agar) (White ®®)). 

0 

25.000 spores alive (estimated). 

1 

4.000 „ 

5 

148 „ 

6 

220 „ 

7 

248 „ 

8 

44 „ 

9 

7 „ „ 

10 

14 „ 

11 

All spores killed. 

12 

>» tt tt 

13 

n »» tt 

14 

tt H >> 

15 

f» »» >> 


Resistance of spores of B. larvae to heat when suspended in undiluted honey. (White ^)). 


Temp, in 
°C. 

Period of 
exposure in mins. 

Results shown by cultures 
(Employing egg agar, White ^^) 

Origin of 
sample 

100 

10 

Numerous spores not killed 

Cuba 

100 

10 

tf ft ff ft 

Washington 

100 

10 

ff ft ft ft 

Ohio 

100 

20 

ft ft ft ft 

Cuba 

100 

20 

ft ft ft ft 

Washington 

100 

20 

ft ft ft M 

Ohio 

103 

25 

tt tt tt tt 

Washington 

105 

20 

tt tt tt tt 

,, 

105 

20 

tt »» tt tt 

Cuba 

107 

20 

tt tt tt tt 

tt 

107 

30 

tt tt tt ft 

,, 

107 

40 

tt tt tt tt 

M 


Resistance of dried spores of B. larvae to the sun’s rays. (White ^)). 


Period of 
exposure 
in hrs. 

Results shown by cultures 
(employing egg agar) 
White 53)) 

Period of 
exposure 
in hrs. 

Results shown by cultures 
(employing egg agar, 
White 53)) 

2 

Numerous spores not killed 

38 

12 spores not killed 

4 


28 

All spores killed 

5 

tt tt tt tt 

37 

tt tt 

7 

Several „ „ „ 

41 

tt tt tt 

10 

A few 

41 

tt tt It 

11 

i> tt tt tt 

44 

tt M tt 

12 

Many spores not killed 

61 

tt tt tt 

29 

Several spores not killed 

79 

tt tt tt 
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Resistance of spores of B. larvae to the sun's rays when suspended in honey (White ®)). 


Period of 
exposure 

Results of inoculating healthy colonies 
of bees 

6 hrs. 

Heavy American foul brood infection 

13 „ 

Moderate „ „ 

2 weeks 

Slight 

4 „ 

Considerable „ „ „ „ 

5 „ 

» »i ft ft ft 

4 ,, 

No disease' produced 

5 „ 

ft ft ft 

6 „ 

ft ft ft 

8 „ 

ft ft ft 


Resistance of spores of B. larvae to various chemical compounds when suspended in honey 
and fed to healthy colonies of bees (White ®®)). 


Compound 

1 Concentration 

Results of inoculation 

jS-naphthol 

1 

2000 

American foul brood produced 

ft 

1 

1000 

ft 

ft 

tt 

tt 

ft 

1 

500 

)> 


tt 

„ 

Phenol 

1 

2000 

ft 

tf 

ft 

tf 

ft 

1 

1000 

ft 

ft 

tf 

tt 

tf • • • • 

1 

500 

tt 

tt 

tt 

tt 

ft 

1 

100 

ft 

tt 

tt 

tt 

Oil of Eucalyptus 

1 

250 

tt 

„ 

ft 

„ 

Formaldehyde 

3 

1000 

tf 

tt 

tt 

>> 

Salicylic acid 

1 

2000 

tt 

tt 

tt 

tt 

ft tf 

1 

1000 

tt 

ft 

ft 

tt 

ft ft 

1 

500 

tt 

It 

ft 

tt 

Phenyl salicylate (Salol) 

1 

2000 

It 

tt 

ft 

tt 

tf tf ft 

1 

1000 

tt 

tt 

tt 

)) 

ft tt tt 

1 

500 

ft 

tt 

tt 

tt 

Quinine bisulphate 

1 

500 

ft 

tt 

tf 

ft 

tt ft 

3 

1000 

tf 

„ 

tt 

tt 

.. .. 

1 

100 

,, 


,, 

,, 


The results given show that no protection against American foul brood is afforded by. any 
of the chemical compounds listed. 


3. Variations in the size of B. larvae spores (Borchert^). 


Length in microns of 800 1 

spores from 40 honey samples ; 
taken from foul brood combs 

Length in microns of 40 spores 
in one honey sample contain- 
ing added foul brood material 

Length in microns of 300 
spores from larvae dead of 
American foul brood 

5 spores 

1,1 

12 spores 

1,3 

4 spores 

1,1 

375 

1,3 

22 

1,5 

120 „ 

1,3 

380 „ 

1,5 

6 

1,7 

130 „ 

1.5 

38 „ 

1,7 



43 „ 

1,7 

2 

1,9 



3 

1.9 

Average 

1,4 

Average 

1,5 1 

Average 

1.4 
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4. The metaboltem of B. larvae in relation to the stage at which larvae are affected wKh 

American foul brood. 

The effect of various glucose concentrations on the germination of spores and the growth 
of vegetative cells of B. larvae on egg agar (Sturtevant 


Material 





% of added glucose in the medium 






studied 

0 

Ea 

EB 

1,0 

1,3 

1,5 i 

1,75 

m 

|2,25 

|2,5 



Spores from lar- 
vae dead of 



















American f.b. 
Vegetative 
cells from pure 

++++ 

++ 

+++ 

++++ 

++++ 

+-I-4- 

! 

+++ 

++ 

+ 

+ 

+ 

■f 

G 

G 

G 

0 

G 

0 

cultures of B. 
larvae 

++++ 

+++ 

+++ 

++++ 

++++ 

++++ 

+++ 

+++ 

++ 

++ 

+ + 

++ 

+ 

+ 

± 





+ = Slight growth ++++ == Heavy growth G = Slight germination of spores 

++ = Fair growth + "* — Doubtful growth - = No evidence of growth 

+++ = Good growth 

Average number of colonies developing from one 4 mm loopful of a vegetative cell culture 
of B. larvae in broth agar medium with various glucose concentrations (Sturtevant ^)). 


% of glucose in medium 

Average number 
of colonies of B. 
larvae developing 

% of glucose in medium 

Average number 
of colonies of B. 
larvae developing 

Control (no glucose) 

1,500 

2,0 

— 

0,5 

1,590 

2,5 

150 

1,0 

1,560 

3,0 

0 

1,5 

914 

3,5 

0 


Unassimilated reducing sugar in whole larvae of different ages (Sturtevant ^)). 


Age of 
larvae 
in days 

Numberof 

larvae 

examined 

Avg. wt. of 
larvae examined 
in gms 

Avg. wt. of 
reducing sugar 
per larva 
(calculated as 
glucose) 

% of reducing 
sugar in each 
larva 

Remarks 

2 

50 

0,01247 

0 

0 

Average age for sealing 
cells. 

Average age at which 
death occurs from Ame- 
rican foul brood. 

3 

175 

0,04322 

0,000475 

0,98 

4 

525 

0,10314 

0,00299 

2,82 

5 

475 

0,13591 

0,00428 

3,14 

6 

150 

0,15581 

0,00372 

2,39 

7 

125 

0,14397 

0,00203 

1,40 

8 

50 

0,13762 

0 

0 

9 

25 

0,13293 

0 

0 


The results set out in the above tables indicate that B. larvae will not multiply when the 
reducing sugar concentration rises much above 2,5—3 %, and it has been suggested that 
American foul brood normally affects larvae about 8 days of age because at this stage the 
reducing sugar concentration in them is negligible. Recent experiments by the reviewer have 
shown that spores of B. larvae will germinate readily and the vegetative cells arising there- 
from will grow in 12,5% reducing sugar in a medium containing minced chicken embryo. 
The significance of this finding has been discussed elsewhere (in press). 
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5. The number of spores of B. larvae necessary to Initiate growth on 
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culture media and to produce American foul brood in healthy colonies of bees. 

( 12 ccph 6,8) in relation to the period of incubation at 37® C. (Sturtevant 3®)). 



Tabulae Blologicae Vol. XIV, 2. 


11 





The number of spores of B. larvae required to produce American foul brood in healthy colonies of bees (Sturtevant 3®)). 

(In this experiment duplicate colonies of bees (A and B) were used during the first five years, and triplicate colonies (A, B and C) during 
the last year. The spores fed were obtained from the scales of larvae dead of American foul brood, the inoculum for each colony being 

suspended in 1 litre of sugar syrup). 
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Sixth year 

Final 

inspection 

U 

1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

CQ 

1 M 1 M 1 1 1 1 1 1 1 M 1 M 1 

< 

1 1 M 1 1 1 1 1 1 M 1 1 1 M i 

1 Fifth year | 

Final 

inspection 

m 

IMMIIIIM® *1*000000 ^ 

< 

1 1 1 1 1 1 1 1 1 1 1 +00000000 

During 

season 

CD 

1111+111111®+®°®®°®® J 

< 

1 1 M + 1 M 1 M +00000000 

1 Fourth year | 

During j Final 

season ! inspection 

CQ 

1 + + 1 + M M 1 + + *M M 1 1 M 1 

< 

1 +*M *1 + 1 1 1 1 *1 ®® 1 1 1 1 1 1 1 i 

CD 

1 ++ 1 + 1 M 1 1 + + + 1 M M 1 1 1 

< 

1 ++ 1 ++ 1 1 1 1 +®® 1 1 1 1 1 M 1 

[ Third year | 

Expt. 

repeated 

CQ 

# * # 

1 1 1 M M +1 1 1 + 1 1 1 M 1 M ^ 

< 

* 1 

M M 1 1 + ll ® ® 1 M M 1 1 1 1 

1 Second year | 

During 1 Final 

season j inspection 

CQ 

#♦*### Q 

1 1 1 1 M 1 M 1 M ® 1 1 M M 1 1 

< 

1 1 1 1 *1 +*l.+ *l ®®*l ® 1 1 1 1 1 1 1 + 

CQ 

1 M 1 M + + + + + + ® 1 1 1 1 1 M 1 

Cu (V. (v. 

< 

III! + + + + + ®® +® 1 1 1 M M + 

First year 


CQ 

+++++«+ lll®l®J®IMM T 

0* CV 2 

< 

+ + + + + + + IM®I®I®IIIII + 

Inoculum 
(No. of 
spores 
fed) 

OOOOOOOOOOOOOOOOOOOO 

xxxxxxxxxxxxxxxxxxxx 2 


4- , American foul brood. ? + , Probable American foul brood, very slight and unconfirmed and disappearing toward end of brood-rearing 
season. 0, No disease found during the season. — ♦ American foul brood cleaned out by the end of the brood-rearing season. — No recur- 
rence of American foul brood during the second season in which the experiment was carried out. t» The controls were healthy uninoculated 
colonies kept in the same apiaries as the inoculated ones. 
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The relative pathogenicity of endospores and vegetative cells of B. larvae for healthy 
colonies of bees (Tarr ^®)). 


(In these experiments both spores and vegetative cells of B. larvae were prepared from 
pure cultures of the organism employing the same culture medium). 


Inoculum 

Method of introducing 
the bacteria into the 
colony of bees 

Results of the experiment 

8,4 X 10^^ vegetative cells 
of B. larvae 

The bacilli were sprayed 
over the developing brood 
after suspending in 20 cc 
of broth. 

No disease produced by 
the end of the brood-rearing 
season. 

17,2 X 10^® vegetative cells 
of B. larvae 

The bacilli were sprayed 
over the developing brood 
after suspending in 25 cc 
of broth. 

tt tt 

6,2 X 10® spores 

20 ml of an aqueous sus- 
pension sprayed over the 
developing brood. 

tt tt 

62 X 10® spores 

r» )> 

American foul brood pro- 
duced. 

620 X 10® spores 

ff »» 

tt tt 

6200 X 10® spores 

ft tt 

tt tt 

62 X 10® spores 

Fed to the bees in 100 cc 
of sugar syrup. 

No disease produced by 
the end of the brood-rearing 
season. 

620 X 10® spores 

ft tt 

» tt 

6200 X 10® spores 

tt tt 

American foul brood pro- 
duced. 

62000 X 10® spores 

1 

tt tt 1 

>> >1 


Toumanoff found that not one of 302 one to five day old bee larvae individually 
inoculated with a small drop of heavy aqueous suspensions of 48 — 92 hour old egg agar cul- 
tures of B. larvae (chiefly vegetative cells of the organism) developed American foul brood. 
170 of these larvae were removed by the bees, and the remainder (132) matured normally 
into adult bees. Sturtevant ^®) found that at least 10 million spores of B. larvae in 
0,1 cc of syrup are required to produce American foul brood when fed directly to 4 day old 
larvae. 

The following inferences may be drawn from the above data: 

1. At least 50.000 spores of B. larvae are required to initiate vegetative growth 
of this organism under the experimental conditions described. 

2. Healthy colonies of bees will not develop American foul brood unless they receive 
at least 50 x 10® spores of B. larvae in 1 litre of syrup. 

3. Vegetative cells of B. larvae are apparently not pathogenic for the brood of healthy 
colonies of bees even when introduced in doses some 3000 times greater than an inoculum 
of spores of the organism sufficient to produce American foul brood. 

4. Smaller inocula of B. larvae spores produce disease in healthy colonies of bees 
when the brood is sprayed directly with aqueous suspensions of them than when they are fed 
in syrup to the bees. 
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5. Individual larvae are infected only with relatively large doses of spores of B. larvae 
and are apparently not infected by feeding them vegetative cells of the organism directly. 

6. The occurrence of spores of B. larvae in commercial honey. 


The presence of spores of B. larvae in commercial honey samples in relation to their 
ability to produce American foul brood in healthy colonies of bees (Sturt e van 1 ^®)). 


Source of sample 

Number of 
samples 
examined 

Number of 
samples showing 
spores resem- 
bling those of 
B. larvae 

Number of 
samples showing 
no evidence 
of spores 

Results of 
inoculating 
healthy colonies 
of bees 

(Sturtevant ^®)) 

Commercial honey. 

187 

15 

172 

Only 1 of the 15 

Samples from an 
exptl. apiary . . . 

2 

0 

2 

samples contain- 
ing B. larvae 
spores produced 

Miscellaneous 

2 

2 

0 

American foul 
brood in healthy 

Totals 

191 

17 

174 

bee colonies. 


In these experiments the method of demonstrating spores was sufficiently accurate to 
estimate considerably less than 50 x 10® spores per litre of honey (the minimum lethal dose 
for an average colony of bees; vide supra). It has therefore been inferred that there are rarely 
sufficient spores of B. larvae in commercial honey samples to cause American foul brood. 

The determination of B. larvae spores in honey in relation to the accuracy of the method 
employed (Sturtevant ^®)). 

(Spore counts were made of stained smears of the sediments resulting from centrifuging 
duplicate 5 cc. portions of 5 samples of honey containing known numbers of B. larvae spores). 


Spore counts in duplicate samples (A and B) containing the following numbers of spores per cc. 



1 50.000 

1 300.000 

1 500.000 

1 800.000 j 

1 1.000.000 


A 

1 B 

A 

B 

A 

B 

A j 

B 

A 

B 

Total count of 30 
fields 

38 

1 39 

233 

244 

393 

400 

638 

641 

791 

835 

A+ B 

77 

477 

793 

1,279 

1,626 

Actual mean no. of 
spores per field 
recovered 

1.2833 

7.9500 

13.2167 

21.3167 

27.1000 

Theoretical recove- 
ry 

1.5205 

9.1230 

15.2050 

24.3279 

30.4100 

Ratio of actual 
mean to theoreti- 
cal mean (% re- 
covery) 

84,40 

87,14 

86,92 

87,62 

89,12 


From this data, using the method employed by Sturtevant for demonstrating and 
counting spores of B. larvae in honey, the number of spores in an unknown sample of 
honey can be estimated from the mean number of spores in 60 microscopic fields as follows: 
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X = 1.1228Y -1- 0,2034 x 32,884 

where: Y = The mean number of spores in 60 fields (duplicate samples). 

X = The theoretical number of spores that should be recovered if no loss occurs, 
and 32,844 = the constant (for the method used) for converting the theoretical number 
of spores per field to spores per cc of the unknown honey sample. 

7. The disinfection of American foul brood combs. 

Although much data with reference to the sterilization or disinfection of American foul 
brood combs has been published (Sturtevant 3®)) no really satisfactory method has been 
evolved (Hambleton ®jj)). At the present time the consensus of opinion is that disinfection 
is neither satisfactory nor economical, and for this reason no attempt to record the data will 
be made here. 

8. The natural resistance of colonies of bees to American foul brood. 

Although American foul brood is normally a fatal disease, the affected colony succumbing 
to the infection, in rare instances infected colonies of bees have been known to recover from the 
disease. This fact has led to the initiation of important experiments in the United States as 
a result of which it is hoped that eventually a race of bee naturally resistant to this destructive 
disease will be evolved. Colonies of bees which have been reported as possessing a marked 
resistance have been segregated in an isolation apiary in order that breeding experiments 
may be carried out, and it is hoped that the factors responsible for resistance to American 
foul brood will be successfully perpetuated in an „ American foul brood resistant" strain of 
of bee. The following table records the results of preliminary experiments. 

The results of inoculating presumed „American foul brood resistant" and „American foul 
brood non-resistant" (controls) colonies of bees with combs containing scales of larvae dead 
of American foul brood (Park, Pellett and Paddock^)). 


Number of colonies of 
bees inoculated 

Number of colonies of bees free from American 
foul brood by the end of the brood-rearing 
season 

First year of expt. 

Second year of expt- 

First year of expt. 

Colonies assumed to be non-resistant to 
American foul brood 6 

0 

0 

Colonies assumed to be resistant to Ame- 
rican foul brood 25 

7 (28%) 

12(48%) 

Second year of expt. 

Colonies assumed to be non-resistant to 
American foul brood 2 


0 

Colonies assumed to be resistant to 
American foul brood: 

♦Second generation 27 

Other sources 7 

34 

— 

9(33V3%) 

5 (71 %) 

14 

Totals for the two years: 

Assumed non-resistant 8 

„ resistant 59 

— 

0 

26 (44%) 


*) The original queens had superseded in the apiary. 
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9. The efficiency of the ,, Shaking Treatment'' (Artlfical Swarm) in eradicating American 
foul brood from affected colonies of bees. 

Dunham and King \) record the results obtained by practical beekeepers using the 
shaking method in an attempt to eradicate American foul brood from affected colonies of bees. 
18 different beekeepers treated a total of 300 colonies in their apiaries by the usual methods: 
of these 300 colonies 81 developed the disease again, 56 during the first season following treat- 
ment and 25 during the second season following treatment. 

The effect of treating colonies affected with American foul brood under experimental conditions 
(Dunham and King\)). 


Method of treating 

Number of 
colonies 
treated 

Number of colonies 
developing American 
foul brood during the 
two years after 
treatment 

Empty hive plus foundation 

18 

1 

Foundation 

18 

1 

Foundation plus drawn comb 

17 

2 

Drawn comb 

18 

8 


10. The pathological changes occurring in larvae affected with American foul brood: a 
comparison of the tissues and cells of diseased and healthy larvae of different ages. 

The measurements given in the following tables were made on fixed and sectioned material 
obtained from artifically infected larvae (unless otherwise stated) of known ages. 


A comparison of the lengths of normal healthy larvae with those of larvae affected with 
American foul brood (pathological) (Jaeckel '^)). 


Healthy larvae 

Pathological 

(affected with American foul brood) 

Age of larvae 

Length of 

Age of larvae 

Length of 

in days 

larvae in mm 

in days 

larvae in mm 

2 

1,87- 2,5 

2% 

3,7— 4,0 

3 

4,3 — 5,9 

3 

2,0- 6,5 

4 

6,2 — 8,0 

4 

4,4- 7,8 

5 

7,5 — 8,0 

5 

7,3— 9,0 

6 

8,0 —11,5 

6 

6,1—10,0 

7 

12,0 —14,0 

7 

12,0—14,0 
(coiled 7,7 — 8,5) 

8 

14,0 —16,0 

8 

14,0—15,0 


A comparison of the size of various cells in healthy larvae and in those affected with American 
foul brood (Jaeckel ^)). 


Cells measured 

1 Size of cell in microns 

Age of 
larvae (days) 

Normal (healthy) 

Pathological 

Oenocytes 

33 

39 

2 

Nucleus of oenocytes 

12 

18 

n 

Cells of mid intestine (height) 

15 

33 

ft 

(width) 

18 

30 

>> 

Nucleus of cells of mid intestine. . 

14 

27 ' 

n 

Fat cells 

15—20 

12—15 

ff 

Nuclei of fat cells 

8— 9 

9—10 

n 
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(Table continued) 



Size of cell in microns 

Age of 

Cells measured 

Normal (healthy) 

Pathological 

larvae (days) 

Ganglion cells 

5-6 

5-8 

2 

Excretal cells 

12-14 

18—24 

tt 

Nuclei of excretal cells 

3 

6-8 

ff 

End cells of trachea (nuclei) 

Malpighian tube cells: 

12 

12—14 

if 

Length 

3 

4 


Width 

8—10 

8—10 

tt 

Nuclei 

Hypodermal cells: 

6—7 

9—12 


Length 

3-^ 

3-4 

tf 

Width 

4—5 

4—5 

ft 

Nuclei 

3 

3 

ft 

Nuclei of cells of tracheal epithelium 

4—6 

5—7 

ft 

Nuclei of muscle cells 

6-8 

16—20 

ft 

Oenocytes 

39 

39 

3 

Nuclei of oenocytes 

Cells of mid intestine: 

15 

12—15 

ft 

Length 

20-40 

39-45 

ft 

Width 

IS-30 

— 

ft 

Nuclei 

18 

21—26 

ft 

Fat cells 

18-24 

12—22 

ft 

Nuclei of fat cells 

9-11 

9—12 


Ganglion cells 

6—7 

6—7 

ft 

Excretal cells 

25-^0 

45—48 

ft 

Nuclei of excretal cells 

6—8 

9-11 

ft 

Nuclei of end cells of trachea 

Malpighian tube cells: 

12—13 

12—15 

ft 

Length 

1 

15—19 

ft 

Width 

>As in 2 day old 

35-40 

ft 

Nuclei 

Hypodermal cells: 

J larvae 

25— 27 (long) 

ft 

Length 

4—5 

5—6 

)) 

Width 

4—6 

5—6 

ft 

Nuclei 

4 

5 

ft 

Nuclei of cells of tracheal epithelium 

4—6 

6 

ft 

Nuclei of muscle cells 

6—9 

12—18 

ft 

Oenocytes 

30-40 

45 

4 

Nuclei of oenocytes 

15—18 

15—18 

ft 

Cells of mid intestine 

As in 3 day old 
larvae 

Not measurable 

ft 

Fat cells 

30-40 

18—25 

ft 

Nuclei of fat cells 

12 

12 

tt 

Ganglion cells 

6-8 

6—7 

tt 
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(Table continued) 



Size of cell in microns 

Age of 

Cells measured 

Normal (healthy) 

Pathological j 

larvae (days) 

Hypodermal cells: 

Length 

5—6 

5-0 

4 

Width 

5-6 

5—6 

»» 

Nuclei 

4 

5 


Nuclei of muscle cells 

10—15 

12—14 

,, 


(The figures given for all 5 day old larvae were from naturally infected ones). 


Oenocytes 

45 

39 

5 

Nuclei of oenocytes 

18 

24 

»» 

Cells of mid intestine: 




Length 

36 

30 


Width 

15—18 

-- 

11 

Nuclei 

15—18 

33 (long) 


Fat cells 

36-40 

40-45 

»> 

Nuclei of fat cells 

12—15 

15—18 

»» 

Ganglion cells 

9—10 

9—10 

»» 

Hypodermal cells: 




Length 

5—6 

10—12 

}f 

Width 

5—6 

6 

>> 

Nuclei 

4—5 

5 

» 

Malpighian tube cells : 




Length 

45—50 

27 

n 

Width 

36—38 

— 

tt 

Nuclei 

21—24 

18—24 

it 

Nuclei of muscle cells 

15 

15—18 

it 

Oenocytes 

45—75 

70—75 

6 

Nuclei of oenocytes 

15—18 

25—27 

II 

Cells of mid-intestine: 




Length 

36 

60 

II 

Width 

36 

— 

II 

Nuclei 

18 

30 

II 

Fat cells 

39—50 

24—30 

II 

Nuclei of fat cells 

12—15 

12—15 

it 

Excretal cells 

40--45 

20—60 

II 

Nuclei of muscle cells 

12—15 

12—15 

II 

Oenocytes 

70—90 

70—75 

7 

Nuclei of oenocytes 


24 

it 

Fat cells 

60 

23—35 


Nuclei of fat cells 

20—25 

12—15 

II 

Oenocytes 

75—95 

70—77 

7—8 

Nuclei of oenocytes 

30—36 

21 

II 

Fat cells 

60—75 

36-40 

II 

Excretal cells 

42 

100 
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Length of middle leg in microns (Length of primordia [anlagen] without thorax forming 
portion) (Jaeckel ^)). 


Age of larvae 
in days 

Length of middle leg in microns 

Normal (healthy) 

Pathological (American f . b.) 

2 

90 1 

130—150 

3 

115—130 1 

130—160 

4 

180 

160—190 

5 

210 

210—230 

6 

approx. 300 

210—240 

7 

not measurable 

265 


Length of oesophagus without the Valvula cardiaca (Jaeckel '^)). 


Age of larvae 
in days 

Length of oesophagus in microns 

Normal 

Pathological 

2 

295 

380 

3 

510 

595 

4 

595—680 

765 (in excep- 

5 

850 

770 tional cases 

6 

1140 

785 1690) 

7 

— 

810 


Size of ovaries (Jaeckel '^)). 


Age of larvae 

Size of ovaries in microns 

in days 

Normal 

Pathological 

2 

155 long 

375 long 


40 wide 

69 wide 

3 

300 long 

440 long 


40 wide 

95 wide 

4 

355 long 

460 long 


70 wide 

100 wide 

5 

540 long 

840 long 


110 wide 

120 wide 

6 

540 long 

1890 long 


100 wide 

391 wide 

7 

680 long 

2550 long 


105 wide 

400 wide 

7 


Naturally infected 
680—850 long 

136 wide 

7—8 

664 long 

1360 long 


100 wide 

130 wide 

Approximate ratio: ovary length to body length (Jaeckel 


Age of larvae 
in days 

Approximate Ratio: 
ovary length/body length 

Normal 

Pathological 

2 

1 

18 

1 

10 

3 

1 

15 

1 

10 

4 

1 

17 

1 

10 

5 

1 

14 

1 

8 

6 

1 

17 

1 

4 

7 

1 

20 

1 

3 

7-8 


20 

1 

6 
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The oenocyte number (the values given are only approximate (Jaeckel ^). 


Age of larvae 
in days 

Approximate oenocyte number 

Normal Pathological 

2 

19 longitudinal section 

25 


8 cross section 


3 

42 longitudinal section 

67 


16 cross section 

— 

5 

52 longitudinal section 

54 

6 

36 

45 


13 cross section 

— 

7 

37 longitudinal section 

62 


The results incorporated in the above tables shown that a marked difference in size is 
frequently noticeable between cells of healthy larvae and those affected with American foul 
brood. 


III. European foul brood 

1. The seasonal distribution of European foul brood. 


Month 



From this figure it is evident that, while American foul brood can be found at almost 
any time during the brood-rearing season, European foul brood exhibits a marked seasonal 
variation in its occurrence. Thus it is scarcely noticeable early in the broodrearing season, 
reaches a sharp peak in May and June when brood-rearing activities are most pronounced, 
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and practically disappears toward the end of the season. This fact has been recorded by both 
Sturtevant and Phillips®^). 

♦The distribution of European foul brood by months, including all positively diagnosed 
samples received from 1906 to 1917 (Phillips 


Month 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

|Aug. 

|Sept. 

1 Oct. 

Nov. 

Dec. 

No. samples 
received 

3 

4 

17 

33 

180 

334 

240 

164 

98 

17 

7 

2 


♦) Data from the bee Culture Laboratory, Washington, U.S.A. 

2. The organism which is considered responsible for European foul brood ( Bacillus pluton 
White) has not yet been cultivated on laboratory media (White Morgen thaler 

Tarr ^5, 48^ 

All experiments using B. pluton, the results of which have been incorporated in the 
following tables, have been carried out with suspensions of the organism from the intestines 
of recently Infected larvae. 


3. The resistance of B. pluton to heat, sunlight and certain disinfectants (White 
The resistance of B. pluton to heat when suspended in water (White ^). 


Temperature 

X. 

Period of heat- 
ing in mins. 

Results of inoculating healthy colonies 
of bees 

75~«0 

10 

No disease produced 

65—70 

>t 

tt tt tt 

64-66 

tt 

tt tt tt 

64—65 

V 

tt tt tt 

•*62-63 

ff 

tt tt tt 

♦♦62-63 

t> 

European foul brood produced 

*♦62—63 

tt 

tt tt tt tt 

61-62 

n 

tt tt tt tt 

60 

n 

tt tt tt tt 

60 

tt 

tt tt tt tt 

58—60 

tt 

ft H M tt 

57—60 

tt 

tt tt tt tt 

55—60 

tt 

tt tt tt t) 


*♦) In cases where the same temperature is recorded more than once more than one 
experiment was performed. 

The resistance of B. pluton to heat when suspended in honey (White 


Temperature 

°C. 

Period of heat- 
ing in mins. 

Results of inoculating healthy colonies 
of bees 

67 

10 

European foul brood produced 

70 


tt It It tt 

75 


ft tt It tt 

76 

tt 

tt It It It 

78 

tt 

tt It It It 

79 

It 

No disease produced 

80 

tt 

It tt tt 

80 

tt 

tt tt tt 

81 

ft 

tt It ’> 

85 

tt 

It tt tt 

90 

tt 

tt tt tt 
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The resistance of B. pi u ton to drying at different temperatures (White ®®)). 



Period of exposure 

Results of inoculating healthy 

Temperature 

Months 

Days 


colonies of bees 



0 

10 

European foul brood produced 


0 

17 

ft 

tt 

tt 

It 


0 

24 

ft 

ft 

tt 

It 


1 

2 

ft 

tt 

tt 

tt 


1 

7 

ft 

tt 

tt 

It 


1 

17 

ft 

tt 

tt 

tt 

37° C. 

2 

0 

ft 

tt 

tt 

It 

(Incubator 

2 

11 

ft 

tt 

tt 

tt 

temperature) 

3 

0 

ft 

tt 

tt 

tt 


9 

10 

ft 

tt 

tt 

tt 


12 

2 

ft 

tt 

tt 

tt 


12 

0 

No disease produced 



14 

18 

ft ft 


tt 



14 

20 

ft ft 


tt 



24 

0 

ft ft 


It 



1 

1 

European foul brood produced 


1 

21 

ft 

tt 

tt 

ff 


2 

18 

ft 

tt 

tt 

» 


2 

21 

„ 

tt 

tt 

It 


3 

0 


tt 

tt 

tt 


3 

14 

ft 

tt 

tt 

It 


9 

10 

ft 

tt 

„ 

tt 

Room 

12 

6 

„ 

tt 

tt 

tt 

temperature 

11 

13 

No disease produced 



11 

15 



tt 



11 

18 

ft ft 


tt 



12 

2 

ft ft 


tt 



14 

10 

tf ft 


It 



14 

18 

ft ft 


It 



24 

0 

ft ft 





36 

i 0 



It 



0 

33 

European foul brood produced 


0 

47 

ft 

tt 

It 

tt 


0 

74 

ft 

tt 

It 

tt 

Outdoor 

9 

21 

ft 

tt 

It 

tt 

temperature 

10 

18 

ft 

tt 

It 

tt 


13 

17 

ft 

tt 

It 

tt 


12 

3 

No disease produced 



12 

17 

ft ft 


It 



23 

0 

ft tf 


It 



0 

26 

European foul brood produced 


3 

28 

ft 

tt 

It 

It 

(Refrigerator 

6 

12 


tt 

It 


temperature) 

8 

0 





About 0° C. 

8 

2 

tt 

tt 

It 

tt 


9 

0 

tt 

tt 

It 

tt 


10 

7 


tt 

tt 

tt 


10 

18 


tt 

It 

tt 
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The resistance of B. pi u ton in a dry film 
exposed to direct sunlight (White 


Period of Results of inoculating 
exposure healthy colonies 

in hrs. of bees 


The resistance of B. pi u ton in aqueous 
suspensions exposed to direct sunlight 
(White 52)). 


Period of 
exposure 
in hrs. 


Results of inoculating 
healthy colonies 
of bees 





The resistance of B, pi u ton in honey suspensions exposed to direct sunlight (White 52)). 


Period of 

Results of inoculating 

exposure 

healthy colonies 

in hrs. 

of bees 

1 

European foul brood produced 

2 

M 1} »> f> 

♦ 3 

ft ft ft »» 

* 3 

No disease produced 

* 3 

ft ft »» 

* 3 

ft ft ft 

4 

ft ft ft 

♦ 5 

ft tf tt 

* 5 


6 


7 

ft ft 

8 

ft ft »» 

9 

ft ft »» 

10 

ft ft 


*) More than one experiment carried out. 
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The resistance of B. pluton to phenol in aqueous suspensions (White 


Period of 
exposure 

Phenol 

concentration 

% 

Results of inoculating 
healthy colonies 
of bees 

days 

hrs. 

0 

18 

0,5 

European foul brood produced 

1 

0 

0,5 

>1 f> i) n 

4 

0 

0,5 

a »> >> j» 

8 

0 

0,5 

y> ff >f M 

18 

0 

0,5 

No disease produced 

0 

5 

1,0 

European foul brood produced 

4 

0 

1,0 

No disease produced 

0 

5 

2,0 

p> tf >> 

0 

18 

2,0 

» it tt 

1 

0 

2,0 

fr ft ft 

4 

0 

2,0 

ft ft ft 

4 

0 

2,0 

ft ft ft 

9 

0 

2,0 

ft ft ft 

0 

5% 

4,0 

ft ft ft 


The resistance of B. pluton to various chemical compounds when suspended in honey 
and fed to healthy colonies of bees (White 


Compound 

Concentration 

Results of inoculating 
healthy colonies 
of bees 

j8-naphthol 

1 

2000 

European foul brood produced 

ft 

1 

1000 

tt 

It It tt 

ft 

1 

500 

tt 

It It It 

Phenol 

1 

2000 

tt 

tt It It 

ft 

1 

1000 

ft 

tt It It 

tt 

1 

500 

tf 

It It tt 

Oil of Eucalyptus 

1 

250 

tt 

It It it 

ft ft tt 

1 

250 

tt 

i» tt tt 

Formic acid 

1 

1000 

tt 

It It It 

tt ft 

3 

1000 

tt 

It It ft 

Salicylic acid 

1 

2000 

It 

It tt ft 

tt tt 

1 

1000 

It 

tt It It 

ft tt 

I 

500 

It 

tt It ft 

Phenyl salicylate 

I 

2000 

It 

It ft tt 

„ „ 

1 

1000 . 

tt 

It It >t 

„ „ 

1 

500 

ft 

ft tt It 

Quinine bisulphate 

1 

500 

It 

If It tt 

tt tt 

1 

250 

It 

It It It 

ft ft 

1 

100 

1) 

It tt tt 


As in the case of American foul brood no protection against European foul brood is affor- 
ded by any of the chemical compounds listed in the concentrations given. 
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4. The occurrence of B. pluton in the intestinal tracts of adult bees. 


The occurrence of B. pluton in the intestinal tracts of nurse bees taken from 7 colonies 
affected with European foul brood (Sturtevant ^)). 

(Data obtained from microscopical examinations). 


Total 

No. 

i 

No. containing B. 

No. showing 

number of 

containing 

alvei but doubt- 

no sign of 

bees examined 

B. pluton 

ful B. pluton 

B. pluton 

117 

9 

11 

97 


The presence of B. pluton in the rectal ampullae of nurse and house cleaning bees 
taken from colonies affected with European foul brood has also been recorded by Tarr ^^)). 


5. The pathogenicity of certain bacteria occurring in larvae affected with European foul brood 
for the brood of healthy colonies of bees. 

European foul brood is a disease in which B. pluton is the primary invader of the 
larvae (the causal organism), but in which numerous other bacteria occur in the affected brood 
(the so-called „secondary invaders”) (White Tarr ^®)). The figures given in the 
following table show that B. pluton is pathogenic for healthy larvae, and that, as with 
B. larvae spores in the case of American foui brood, a fairly large inoculum (mass inoculum) 
of the cells of this organism is necessary to produce European foul brood in healthy colonies 
of bees. It is also evident from the results given that none of the secondary invaders can 
cause European foul brood, and that any question of a filterable virus being implicated in the 
etiology of the disease can also be discounted. 





The results of inoculating healthy colonies of bees with certain of the bacteria commonly occurring in larvae affected with European foul brood 

(Tarr and unpublished observations). 
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Bacterial-free extracts from affected 

larvae (to test for virus) Sprayed or fed to the bees 
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IV. Sac brood 

The disease „Sac brood” (White is caused by a filterable virus. 

The effect of heat on the virus causing Sac brood when suspended in various media (the virus 
being extracted from larvae affected with the disease) (White 


Suspending 

medium 

Temperature 

Period of 
exposure 

Results of inoculating healthy 
colonies of bees 

Water 

50 

30 

Sac 

brood 

produced 


•55 

10 

ft 

ft 



♦55 

20 

ff 



tf 

57 

15 

ft 

ft 

ff 

l» 

*58 

10 

ft 

ft 

ft 

l> 

•58 

10 

No 

disease 

produced 

ff 

59 

10 

,, 


tt 

»» 

60 

15 

ff 

„ 

ft 

M 

61 

10 

ft 

ft 

„ 

>1 

65 

15 


,, 

tt 


70 

15 



„ 


75 

15 



tt 

>* 

80 

15 

-- 

- 

’’ 

Glycerine 

60 

10 

Sac 

brood 

produced 

tt 

65 

10 

„ 

u 

tt 

tt 

70 

10 


„ 

„ 

ft 

71 

10 

ft 

ft 

tt 

ft 

73 

10 

No 

disease 

produced 

ft 

75 

10 

ft 

- 

tr 

Honey 

60 

10 

Sac 

brood 

produced 

ft 

63 

10 

ff 


„ 

ft 

65 

10 

ff 


tt 

ft 

68 

10 

ff 

ff 

tt 

ft 

69 

10 

ff 

ff 

,t 

ft 

*70 

10 

ff 

ff 

ff 

ft 

•70 

10 

No 

disease 

produced 

ft 

•70 

10 

ft 

ft 

tt 

ft 

•71 

10 

ft 

ft 

ft 

ft 

♦71 

10 

ft 

ft 

ft 

ft 

*73 

10 

ft 

ft 

tt 

ft 

♦73 

10 

ft 

tt 

tt 

ft 

♦75 

10 

ft 

ft 

tt 

ft 

•75 

10 

ft 

ft 

pf 

ft 

80 

10 

ft 

ft 

tt 


♦) More than one experiment carried out. 


Tabulae Blologicae Vol. XIV, 2. 


12 
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The resistance 
drying 

of the virus of Sac brood to 
at room temperature 
(White “)) 

The resistance of the virus of Sac brood 
in a dry film exposed to direct sunlight 
(White % 

Length of 

Results of inoculating 

Period of 

Results of inoculating 

exposure 

healthy colonies 

exposure 

healthy colonies 

Months 

Days 

of bees 

hrs. 

of bees 




2 

Sac brood produced 

0 

3 

Sac brood produced 

2% 

ft ft ft 

0 

7 

ft ft ft 

3 

ft ft ft 

0 

13 

tf ft tt 

4 

ft ft ft 

0 

16 

ft ft ft 

5 

ft ft ft 

0 

18 

ft ft ft 

6 

ft tt tt 

0 

20 

ft ft tf 

6 

tt ft ft 

0 

22 

No disease produced 

4 

No disease produced 

0 

26 

ft ft ft 

5 

If ft ft 

0 

28 

ft ft ft 

7 

tt ft tt 

0 

28 

ft ft ft 

9 

tt tt tt 

0 

35 

ft ft ft 

12 

ft ft ft 

0 

45 

ft ft ft 

13 

tt tt tt 

7 

12 

ft ft ft 

18 

tt tt tt 

7 

21 

ft ft ft 

21 

tt ft ft 

The resistance of the virus of Sac brood 

The resistance of the virus of Sac brood 

to sunlight when suspended in water 

to sunlight when suspended in honey 


(White «)). 


(White «)). 

Period of 

Results of inoculating 

Period of 

Results of inoculating 

exposure 


healthy colonies 

exposure 

healthy colonies 



of bees 

in hrs. 

of bees 

1 

Sac brood produced 



♦ 2 

tf ff ft 

1 

Sac brood produced 

♦ 2 

*t ft ff 

2 

tt tt tt 

♦ 2 

tf ft ft 

♦ 4 

ft tf tt 

3 

ft ft ft 

♦ 4 

tt tt tt 

* 4 


♦ 4 


♦ 4 

ft ft ft 

5 

tt tt ft 

* 5 

ft ft ft 

♦ 5 

No disease produced 

* 4 

No disease produced 

♦ 5 

II tt tt 

* 5 

ft ft ft 

. ♦ 5 

tt tt tt 

• 5 

ft ft ft 

6 

tt tt tt 

6 

ff ft ft 

7 

tt tt tt 

7 

ft ft ft 

8 

tt tt tt 

8 


t ft ft 

10 

tt tt tt 

10 


t ft ft 

12 

tt tt tt 

12 


t ft ft 

13 

tt tt It 

♦13 


t ft ft 

18 

tt It II 

♦13 


t ft ft 

♦) More than one experiment carried out. 
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The survival of the virus of Sac brood in honey (White ®l)). 


Period of 
exposure 

Results of inoculating 
healthy colonies 
of bees 

Months 

Days 

0 

20 

Sac brood produced 

0 

23 

»> 

tt 

tt 

0 

30 

f» 

tt 

tt 

0 

24 

No disease produced 

0 

29 

}* 

tt 

tt 

0 

33 


tt 

ft 

0 

35 

*f 

tt 

tt 

0 

36 

tt 

tt 

tt 

0 

49 

ft 

tt 

tt 

0 

70 

*f 

tt 

tt 

7 

10 

tt 

>t 

tt 

7 

20 

tt 

tt 

tt 

8 

2 

tt 

tt 

tt 

8 

21 

tt 

tt 

tt 

12 

1 

tt 

tt 

tt 


The resistance of the virus of Sac brood to phenol (White ®^)). 


Period of 
exposure 

Phenol 
Concentra- 
tion % 

Results of inoculating 
healthy colonies 
of bees 

hrs. 

Days 

0 

1 

0,5 

Sac brood produced 

0 

16 

0,5 

tt tt tt 

0 

24 

0,5 

tt tt tt 

0 

38 

0,5 

No disease produced 

0 

*50 

0,5 

tt tt tt 

0 

*50 

0,5 

tt tt tt 

0 

238 

0,5 

tt tt tt 

0 

1 

1,0 

Sac brood produced 

0 

16 

1,0 

If If If 

0 

25 

1,0 

tt tt tt 

0 

38 

1,0 

No disease produced 

0 

*50 

1,0 

tt tt tt 

0 

*50 

1,0 

tt tt tt 

0 

251 

1,0 

tt It tt 

0 

1 

2,0 

Sac brood produced 

0 

16 

2,0 

If tt tt 

0 

25 

2,0 

tt tt tt 

0 

38 

2,0 

No disease produced 

0 

42 

2,0 

If It It 

0 

50 

2,0 

It It It 

3 

0 

4,0 

Sac brood produced 

7 

0 

4,0 

If If *1 

0 

25 

4,0 

No disease produced 

0 i 

50 

4,0 

If tt It 


*) More than one experiment carried out. 
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V. Chaik brood. 

1. Seasonal occurrence, sex of larvae affected, and age at which the larvae 

are affected. 

The seasonal occurrence of Chalk brood in Switzerland for the period 1917—1933 

(Maurizio ^2)). 

(For a description of so-called „Primary” and „Secondary” Chalk brood, see 

Maurizio ^2)). 


Month 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug.j 

Sept. 

Oct. 

Nov. 

Dec. 

No. of cases 

0 

0 

0 

1 

1 

14 

21 

8 

4 

3 

1 

0 

0 






(1) * 

(6) * 


(2) * 






*) Secondary Chalk brood. 


The sex of larvae affected with Chalk brood (1917—1933) 
(Maurizio 


Description of larvae affected 

No. of cases of Chalk 
brood 


Primary 

Secondary 

Normal drone brood ^ 

11 

0 

Drone brood from a drone laying queen (Buckel- 
brut) 

6 

1 

Worker brood $ 

14 

8 

Worker and drone brood in the same hive 

9 

0 

Worker brood and „Buckelbrut" in the same 
hive 

1 

0 

No available data 

11 

0 


These results show that Chalk brood, as European foul brood, reaches a sharp peak 
during the active part of the brood-rearing season (May and June). The evidence presented 
also indicates that drone larvae and worker larvae are almost equally susceptible to Chalk 
brood. 








1 

II ^ 

CO 3 , 

2 fc 


S ^ ’O 

^ i‘^ 2 

•- <5 -o X} 

<d ^ ^ 

« o w 

o •Si 5 
2 13 O 
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The results given in the above tables indicate that larvae are only attacked by Chalk 
brood during the first six days after the celts containing them have been sealed by the bees, 
and that most of the infected larvae are removed by the bees before the ninth day following 
sealing. 

2 , Distribution of sexes, varieties, size of fruiting bodies, and influence of temperature on 


on Perlcystis apis, the Chalk brood fungus. 

The occurrence of the two sexes of P. apis In samples studied in Switzerland from 
1917-1933 (Maurizio % 


Description of sample of comb. 

Number of cases 

Primary 

Chalk brood 

Secondary 
Chalk brood 

Combs containing both sexes of the fungus and 
fruiting bodies j 

26 

6 

Combs containing both sexes of the fungus in 
different larvae 

2 

0 

Combs containing only the mycelium of the 
positive (§) sex 

8 

2 

Combs containing only the mycelium of the 
negative (<y) sex 

2 

0 

Without information 

14 

1 


Two varieties (forms) of P. apis have been distinguished, a large and a small fruiting 
body type (Maurizio ^)), and the following tables record the rate of growth, the size of 
fruiting bodies and the influence of temperature on fruiting body formation in both these forms. 
The average daily growth of both forms of P. apis in mm. (Maurizio^)). 


Growth In mm at the following temperatures: 

rc.) 



umi 


20 

25 

30 

37 

42 

Small fruiting form + ($) 

B 

2,26 

3,86 

7,12 

10,9 

12,52 

7,52 

0 

>» »» M ((^) 

0 

2,4 

4,75 

7,12 

11,45 

14,22 


0 

.. » » (? + <?) 

0 

2,32 


7,12 

11,7 

13,27 

8,68 

0 

Large .. « ?) 

0 

3.2 

n 

8,94 

11,3 

11,96 

1,3 

0 

.. » » (??) 

0 


4,8 

9,4 



2,45 

0 

»» »» M (<? 4- $) 

D 

iS 


9,14 

10,88 

11,56 

1,76 

0 


The influence of temperature on fruiting body formation by both forms of P. apis 
expressed as the percentage of the strains examined which formed such bodies. 
(Maurizio ^^)). 
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55 1 
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♦) 16 small and 24 large fruiting strains were studied in various „crossings'’ of $ and 
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STUDIES ON EUROPEAN FOUL BROOD OF BEES 

IL THE PRODUCTION OF THE DISEASE 
EXPERIMENTALLY 

By H. L. a. TARR 

Rothantsted ExperimetUal Station, Harpenden, Herts 
(With Plates XXII-XXIV) 

The etiology of so-called European foul brood of bees has long remained 
in doubt in spite of considerable investigation. Since numerous sum- 
maries of the pertinent literature are availablei^i, 4, 5, lo, 15, lO) an ex- 
haustive r6sum^ of the historical aspects of the problem is unnecessary, 
and in this paper, therefore, the results of a number of experiments 
dealing with the production of the disease are discussed in detail with 
reference to their value in establishing its cause. 

Experimental 

Media for cultivation of the bacteria 

Hartley’s tryptic digest (beef) broth was employed, and agar (1-5 
per cent.) and gelatin (12 per cent.) media were prepared from this. 
Sturtevant’s egg agar (egg-yeast-carrot-peptoue) was used(i4). “Brood- 
filtrate agar” was prepared by adding 1 ml. of a 1 : 10 solution of brood 
filtrate (21) to each 5 ml. of beef-digest agar. Nitrate broth was made by 
adding O’l per cent, pure potassium nitrate to the beef-digest broth. The 
following medium was employed to study hydrogen sulphide formation; 
Lemco beef extract 1 per cent., peptone (B.D.H.) 2 per cent., lead acetate 
0-02 per cent., cystine 0*02 per cent, and agar 1*5 per cent. The cystine 
was sterilized separately in water and was added as a suspension to the 
agar medium immediately prior to sloping. All the above media were 
adjusted to pH 7*0 and were sterilized by autoclaving. Fresh skim milk 
was employed and was sterilized (with or without litmus indicator) by 
intermittent steaming. A basic medium consisting of Witte peptone 
2 per cent., sodium chloride 0*5 per cent., with 4 ml. of an 0*4 per cent, 
solution of brom cresol purple per litre was employed to detect the 
formation of acid from various carbon compounds by the bacteria 
studied. With the exception of raffinose and fructose, which were sterilized 
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by Seitz filtration, all the fermentable compounds investigated were 
sterilized separately by autoclaving in 4 per cent, aqueous solution, and 
were added to the basic medium to make a final concentration of 
1 per cent. Indole and nitrite were tested for as previously described (ic). 

Source of infective material and bacterial cultures 

All the naturally infected material employed in this investigation 
was obtained from a colony of hybrid bees in which “European foul 
brood” had been initiated by the insertion of an infected brood comb 
in the autumn of 1934. The disease appeared in the spring in several of 
the larvae which were being reared in the original infected comb, and 
rapid spread was facilitated by removing a large proportion of the 
sealed brood combs together with the adhering bees from the colony 
early in the brood-rearing season, and replacing these with drawn comb 
or foundation, thus causing extensive weakening of the colony. 
Bacillus alvei, Streptococcus apis and a small rod-shaped non-spore- 
forming bacterium {Bacterium eurj/dicx'l ( 20 )) were constantly encountenjd 
in the infected larvae examined. Larvae were normally attacked when 
they were about 4 days old, but dark brown, slimy, evil-srnelling larvae 
full of B, alvei spores and vegetative cells were fairly frequently en- 
countered in capped cells. In most respects this case of disease conformed 
with the “European foul brood” described ))y White as typical ( 20 ). 

Pure cultures of B. alvei were isolated from naturally or experi- 
mentally infected larvae by grinding them up in sterile water and 
“plating” the resulting suspension on brood-filtrate agar after making 
suitable dilutions. The plates were “dried” at 35'' C. for a short time 
after pouring in order to obviate the “spreading” of surface colonies. 
Stock spore-containing cultures of the various isolated strains of B. alvei 
were prepared by inoculating egg-agar slopes directly from the isolatcnl 
colonics which developed on the plates and incubating them for 5 -7 days 
at 35" C. The resulting cultures were sealed with paraffin wax and were 
stored at room temperature until they could be identified. 

Pure cultures of S. apis were obtained in much the same manner as 
those of B. alvei, except that recently infected larvae were found to be 
most suitable for the isolation of this species, and drying of the plates 
was unnecessary. Stock cultures of the isolated strains were prepared 
from primary colonies by inoculating brood-filtrate agar slopes, incubating 
them for 12-16 hours at 35" C., and sealing the resulting culture. (Culture 1 
(B, alvei) and culture 2 (S. apis) have been employed in all the infection 
experiments, and normally all cultures have been incubated at 35 C. 
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Identification of isolated cultures of Bacillus alvei 
and Streptococcus apis 

Streptococcus apis strains. 

Although Borchert(5) has described S. apis in some detail it has been 
thought advisable to discuss the characteristics of this organism here in 
view of the fact that certain important difierences have been noted 
among the strains examined. All the media employed in the identification 
of the various strains were inoculated from 12-24-hour-old brood-filtrate 
agar cultures which had been inoculated directly from the stock cultures. 
The number of each culture refers to a given experiment {vide infra). 

Morphology. On agar media, in broth and in milk, the predominating 
form is that of a lanceolate-shaped Diplococcus (PL XXII, figs. 1-4); 
very occasionally short chains are formed (PL XXII, fig. 2). The size 
of the cells is extremely variable under certain conditions (PL XXII, 
fig. 6). The organism is non-motile, and so far no capsules have been 
noticed on any of the media. The organism is Gram positive when very 
young cultures are examined, but the cells rapidly lose their power to 
retain this stain, and in most cultures an abundance of Gram-negative 
cells can be seen. A comparison of the cells of this organism with those 
it forms in larvae sick or dead of “ European foul brood ’’ can be obtained 
from a study of PL XXIII, figs. 7, 8, 11 and 12, and PL XXIV, figs. 16 
and 16. 

Cultural and biochemical characteristics. On beef-digest agar the 
growth is very rapid : it is uniform with regular margin, opaque and rather 
white, shiny, slightly raised, soft, moist and non-adherent. The addition 
of brood filtrate accelerates growth and makes it more abundant. Surface 
colonies on beef-digest agar are circular with regular margin, slightly 
raised and about 1-2 mm. in diameter. Subsurface colonies are lanceolate 
shaped. In beef-digest broth growth is followed by uniform clouding 
of the medium; eventually a heavy precipitate settles, the medium 
becoming fairly clear. Considerable variation has been found with 
respect to growth and reaction toward milk and gelatin media. Thus 
cultures 1, 6, 9 and 11 when grown in litmus milk rapidly reduce the 
indicator and coagulate the casein, almost completely peptonizing it 
within a week. After 1 week only a small amount of red undigested 
casein and a clear almost yellow whey remains. The milk is quite acid. 
In beef-digest gelatin stab cultures these strains grow quite well at 
22° C., and within 48 hours there is a marked saccate liquefaction of the 
medium. At 35° C. there is rapid and complete liquefaction of gelatin. 
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On the other hand, cultures 3, 4, 5, 7, 8 and 10 neither hydrolyse casein 
nor gelatin. Thus growth of these strains in litmus milk is followed by 
a mere transient reduction of the indicator which soon becomes re- 
oxidized, leaving a faintly acid uncoagulated medium. In gelatin stab 
cultures at 22'" C. the growth is uniform and filiform and no liquefaction 
occurs. Similarly at 35® C. no liquefaction of the gelatin results even 
after 3 weeks. None of the strains studied reduce nitrate to nitrite, and 
none form hydrogen sulphide or indole in old milk cultures or in broth. 
All strains investigated exhibit the same fermentative power. Thus acid 
is formed from dextrin, sucrose, lactose, maltose, glucose, fructose, 
galactose, mannose, mannitol, glycerol and salicin by all the cultures, 
and none of them produce a(dd from starch, iimlin, raffinose, arabiiiose, 
xylose, inositol, adonitol and erythritol under the experimental con- 
ditions. Borchert(5) found that the strains of S. apis investigated by 
him produced acid in small amounts from ratlinose, but it must be 
remembered that fermentation reactions of a given species are liable to 
significant variations depending on the nitrogen substrate employed in 
its cultivation (11, 12). It is of interest that the species hitherto known as 
S. apis is apparently divisible into subspecies depending on the power 
of hydrolysing casein and gelatin. In all other respects the various 
strains studied appear to be identical. 

Bacillus alvei strains. 

All the strains of B. alvei isolated (cultures 2, 12, 13, 11, 15, 15, 17 
and 18) exhibited the same general cultural, morphological and ))io- 
chemical characteristics as has been described for certain other cultures ( i lU. 
The fermentation reactions of all the cultures isolattnl was found to be 
identical with those given by cultures 3 and 4 described previously (lu), 
with the single exception that raffinose was not fermented. 

Preparation of material for infection experiments 

Suspensions of the spores of B. alvei (strain 2) and vegetative cells of 
S. apis (culture 1) were prepared as follows. Suspensions of these 
organisms were prepared in sterile water directly from the original stock 
cultures in order to avoid too many transfers away from the natural 
host and the consequent danger of loss of virulence. From these egg agar, 
in the case of B. alvei, and brood-filtrate agar, in the case of S. apis, were 
inoculated employing large amounts of these media in Petri dishes or 
culture bottles. The resulting cultures were incubated 5 7 days in the 
case of J8. alvei, and 12-16 hours in the case of S. apis. The spores or 
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vegetative cells were then washed carefully from the medium employing 
sterile water, centrifuged in order to concentrate them, and finally 
suspended in water to give a relatively dense suspension. The approxi- 
mate number of spores or vegetative cells present in such suspensions 
was estimated by making dilutions and counting the number of bacteria 
by means of a Thoma haemocytometer slide. 

Filtrates of infected brood were prepared by grinding up larvae sick 
or dead of ‘'European foul brood’’ in water, adjusting the of the 
resulting suspension to 7-2 or 7*4, allowing the mass to stand approxi- 
mately half an hour at .‘15° C., centrifuging at a low speed to remove the 
larger particles of cell debris, and finally filtering the supernatant liquid 
through Pasteur-Chamberland L 2 or L 3 filters, employing suction, 
h^iltratcs obtained in this manner were normally opalescent, and in each 
instance their sterility was verified by plating 2 rah, employing brood- 
filtrate agar as substrate and incubating the plates 2 days at 35° C. and 
5-7 days at room temperature. 

Preparation of experimental nudd employed in mfecHon experiments 

It is naturally impossible to obtain any absolutely standard nucleus 
or colony of bees for experimental work, since there are so many un- 
controllable variables, such as the ratio of “nurse/’ and “house cleaning” 
bees to brood at different stages in the brood-rearing season, the relative 
amount of sealed and unsealed brood present, the effect of honey flow, etc. 
In addition the race of bee undoubtedly influences the susceptibility of 
a given colony of bees to “European foul brood”, Italian races being 
particularly resistant in this respect(i3). In all the experiments recorded 
in this paper hybrid bees have been used owing to force of circumstances, 
and it seems highly probable that the resistance toward this disease 
displayed by certain nuclei depended to some extent at least on the 
amount of Italian strain in the bees. Since no standard of strength of an 
experimental nucleus is available it has not been possible to give an 
exact statement regarding the strength of a given nucleus in bees, and 
only in cases where the nucleus was obviously strong or weak in bees has 
a note to this effect been made. All experiments recorded in this paper 
have been carried out in single-walled nucleus hives capable of taking 
five British Standard brood frames. The entrance consisted of a 2 by | in. 
slot cut in the front of the hive, and the frames were covered by a piece 
of “Ten Test” board which had a IJ in. diameter hole bored in the 
centre covered with | in. wire gauze for a “feed hole”. Each hive was 
equipped with a deep roof capable of covering the feeder used. Feeding 
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was carried out using 1 or J lb. Ministry of Agriculture “ squat honey 
jars with five in. diameter holes bored in the lids. These were filled 
with the syrup employed and were inverted over the feed hole. After 
15 August all the nuclei were fed with 50 per cent, sucrose syrup in order 
to stimulate brood rearing. 

The nuclei were made up by taking three or four l)rood combs 
containing chiefly sealed brood and stores (lioney and pollen) together 
with the adhering bees from healthy stocks, and placing these in nucleus 
hives. The bees of each nucleus were then permitted to raise t-heir own 
queen. Owing to unfavourable weather conditions none of the experi- 
mental nuclei could be prepared before 23 May, and as a result of 
continued unfavourable conditions the mating of the queens was delayed 
and hardly any experiment was commenced prior to tlui last w(*ek in 
June. However, this resulted in considerable weaktuiing of some of the 
nuclei with respect to the number of bees present, and consequently they 
were probably more susceptible to “European foul brood” (vitk infra). 
As the season progressed the nuclei weix) given additional frames con- 
taining brood comb or foundation in order that there might b(‘. room for 
expansion of the brood nest. 

Method of inoculation of experimental nuclei 

Two general metliods of infecting nuclei have been attempted: 
namely, indirect inoculation by feeding the bees tin* ijifectiv(* mat(‘rial, 
and direct inoculation by heeding young larvae directly. In the indin^ct 
method the infectious material was fed, usually mix(Ml with 30 per cent, 
sterile sucrose syrup containing 10 parts of honey for every 100 parts 
of syrup, to the bees of a healthy nucleus by means of a feeder. In the 
direct method of inoculation the following t(‘chnique was employed. 

Brood combs containing eggs and coih'd larvae up to tli(^ age of 
approximately 4 days were obtained from healthy colonies of bees. 
Experience proved that the best way to obtain combs with an abundance 
of young larvae was to place a frame (containing brood foundation in 
a vigorous healthy stock and permit the bees to draw out cells and to 
rear the larvae in them. In this manner brood combs containing an 
abundance of coiled larvae of a relatively uniform age w(‘re readily 
obtained at any time during the active part of the brood-rearing season. 
For most experiments, especially those with “starvcnl larvae”, larvae 
about 3-4 days old were inoculated, but occasionally infecctive material 
was introduced to the base of cells containing eggs, or into the brood-food 
mass surrounding very young larvae. The actual inoculation was made 
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by feeding individual larvae either 0*0026 or 0*006 ml of a suspension 
of bacteria or infective material by* means of an Agla micrometer syringe, 
the minute drop of liquid being placed near the mouth-parts of the 
larva with the needle. In certain of the experiments the brood combs 
containing the inoculated larvae were placed in a healthy nucleus 
immediately subsequent to inoculation, while in others the larvae were 
starved in the comb, in an incubator in which the humidity of the air 
was retained at a fairly high level, for 4 days at 35° C. This starvation 
technique has been found particularly useful, for the resistance of the 
larvae is apparently weakened under such conditions, and multiplication 
of the bacteria in the host is thereby greatly facilitated. In one experi- 
ment it is shown that normal coiled larvae are practically sterile 
bacteriologically. Moreover, it has been observed that, although a very 
large number of artificially inoculated larvae succumb to infection after 
starvation, a certain percentage apparently destroy the bacteria, and, 
at least as far as microscopical examinations are concerned, appear to 
be sterile bacteriologically after the 4 days. As subsequent experiments 
will show, inoculated unstarved larvae which are attended to by the 
nurse bees have a relatively high resistance toward the bat^teria. It 
would seem that larvae possess some potent bactericidal mechanism: 
perhaps this is merely a function of their digestive system. 

Method of examination of inoculated nuclei and of recording experiments 

Inspections of the brood of inoculated nuclei were made fairly 
frequently, care being taken to avoid any undue disturbance of the bees. 
Where necessary the bees were smoked or shaken from the combs in 
order to facilitate inspection of the larvae. All larvae which appeared 
to be diseased, unless there were a very large number, were removed 
from the cells with sterile forceps, placed in Petri dishes, and taken to 
the laboratory for examination. In cases in which a very large number 
of affected larvae were present only a small fairly representative number 
were examined. Though ordinary microscopical examination of nigrosine 
or Gram-stained smears from the tissues of affected larvae can usually 
be relied upon as a satisfactory confirmation that “European foul 
brood ” is present in a nucleus, diagnosis was made more certain by the 
isolation and identification of one pure culture of B, alvei and S. apis. 
In the record of the experiments the term “/S. apis cells” indicates that 
lanceolate-shaped cocci of the type shown in PL XXIII, figs. 7, 8, 11 
and 12, were present in the tissues of affected larvae. Similarly the 
berm alvei cells and spores” indicates that vegetative cells or spores 
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of this organism as shown in PL XXIII, figs. 11 and 12, and PL XXIV, 
figs. 14 and 15, were present in affected larval tissues. The “small rod- 
shaped bacterium’^ is probably synonymous with White’s Bacterium 
eurydice{20). In each experiment the strength of the nucleus employed 
in stores (honey and pollen) and brood (eggs, young larvae and sealed 
brood) is recorded; thus the record “stores; eggs and young larvae; 
young larvae; sealed brood”, indicates a nucleus with four brood combs 
containing the brood or stores as indicated in the combs. The terms 
“strong” and “weak” with respect to the relative' number of bees 
present in a given nucleus have only been employed where it is very 
evident that such a condition exists. The date of inoculation has been 
recorded for each experiment in vit'.w of the variation in the ratio of 
“nurse” and “house cleaning” bees to young larvae at different periods 
in the brood -rearing season, and the probable influence of this ratio on 
the susceptibility of a given nucleus to “European foul brood”. The data 
obtained in each experiment has been arranged according to the following 
plan: (1) Nucleus, (2) Inoculum, (3) Date of inoculation, (4) Results. 

Record of experiments 

Exp. 1. 

Ten larvae approximately 3-4 days old (average weight calculated from twenty 
larvae was 42 mg.) were carefully removed from their cells employing sterile forceps 
and were ground up in 10 ml. of sterile water obstTving aseptic precautions. 0-1 and 
1 ml. portions of the resulting suspenHions were plated, using 1(1 ml. ol beef-digest 
agar in each instance. After 48 hours at 35’ V. only two colonies developed on the 
plate which had received 1 ml. of suspemsion. Tina result would staun to indicate that 
normal healthy larvae are almost bacteriological! v steriU*, but furth(*r investigation is 
required in confirmation of the experiment. 

1.' hioculaiion of experhneuUd nuclei hy placmy in them brood combs contanung 
naturally or artificially infected larvae, or other form of infective material 

Exp. 2. 

Nucleus. Stores; eggs and young larvae; infected comb; scaled brood; sealed 
brood and stores. Weak in bees. 

Inoculum, Brood comb containing approximately eighty -four larvae sick or dead 
of “European foul brood”. 

Date of inoculation. 9 July. 

Results. 3 days'. Most of the infected larvae had been removed from the introduced 
comb and eggs had been laid in the empty cells. 7 days'. No diseased larvae in the 
introduced oorab; three sick or dead larvae in each of the two adjacent combs. Two 
of these were full of 8. apis cells and the remaining four showed S. apis and B. alvei 
vegetative cells. 10 days'. Twenty affected larvae in the introduced comb, fifteen in 
the remaining combs. Six of these on microscopic examination showed S. apis and 
B. alvei cells and small rod-shaped bacteria. 13 da,ys: Fifty affected larvae in the 

Ann. Biol, xxnr 
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introduced comb. Ten of these were examined and showed S. apis, small rod-shaped 
bacteria, and in the case of old slimy decaying larvae sporulating cells of B, alvei in 
apparently pure culture. 21 days: Destroyed. (Queen retained with twelve workers 
for Exp. 31.) Fifty-seven sick or dead larvae were counted in one brood adjacent to 
the introduced comb. Ten representative affected larvae were examined microscopically : 
three recently affected larvae showed S. apis cells and a var 3 dng proportion of small 
rod-shaped bacteria; seven slimy, evil-smelling dead larvae, some from sealed cells, 
showed B, alvei vegetative colls and spores in apparently pure culture. S. ajns 
(culture 8) and B, alvei (culture 12) were isolated in pure culture from affected larvae. 

In this experiment very rapid spread of the disease was effected by inserting a 
comb containing a relatively large number of affected larvae in a healthy nucleus 
which was rather weak in bees. 

Exp. 3. 

Nucleus, Stores; eggs and young larvae; inoculated comb of eggs and young 
larvae; young larvae and sealed brood; eggs and stores. 

Imciilum. Ten larvae sick or dead of “European foul brood” were ground up 
finely in 5 ml. of sterile brood filtrate. F’ifty eggs and young larvae up to the age 
of about 4 days were fed 0-005 ml. of this suspension, and the comb containing them 
was placed immediately in the nucleus. 

Date of inoculation, 19 June. 

Results, 2 days: No affected larvae seen, though a few larvae had been removed 
from their cells. 8ubsequent careful examinations of the brood 4, 8, 14, 15, 17, 19, 
22, 29 and 31 days after inoculation revealed no infection. 

The failure to initiate infection with naturally infected material makes thi:> 
experiment rather interesting. The bees and the queen of the nucleus used were 
yellow and probably possessed a relatively large proportion of Italian blood, and tlie 
failure may well have been due to the strong cleaning powers of the bees. 

Exp. 4. 

Nudeus, Stores; young larvae (inoculated comb); young larvae and stores. 

Inoculum, Fifty larvae sick or dead of “European foul brood” were finely ground 
in 10 ml. of sterile water. 2000 2- 3-day-old larvae on one side of a brood comb were 
each fed 0-005 ml. of this sus|)ension, and the comb containing them was placed in 
the nucleus immediately. 

Date of inoculation, 2 July. 

Results, 2 days: No sign of diseased larvae. A large number of the inoculated 
larvae had been removed by the bees and eggs laid in the empty cells. 3 days: No 
sign of diseased larvae. Approximately half the inoculated larvae had been removed 
by the bees, the remainder were being roared in the normal manner and many were 
sealed. No sick or dead larvae were noticed during inspection of the brood 5, 8, 10, 
12 and 17 days after inoculation. 28 days: Four sick larvae. All of them had an 
abundance of 8 , apis cells in their tissues, and two of them B, alvei colls as well. 
41 days: Three sick larvae full of 8, ajris colls were recovered from one comb. 8, apis 
(culture 9) was isolated -in pure culture from one of these. 46 days: Seven affected 
larvae were recovered. All of these showed 8, apis cells and small rod-shaped bacteria, 
and several of them B, alvei cells as well. B, alvei (culture 16) was isolated from the 
lemains of one dead larva. 55 days: Four sick larvae full of 8, apis cells, small rod- 
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shs^pcd bacteria and B, oJvzi cells. 60 o/iid 65 dciysi The bees were brooding very 
slowly and no infected larvae were seen. 

In this experiment therefore the disease was merely transient and never assumed 
serious proportions. 

Ex?. 6. 

Nvdem. Stores; young larvae (inoculated comb); young larvae and sealed brood. 
Inoculum. 500 eggs and young larvae 1-4 days old were each given 0-005 ml. of 
a suspension of S. ajAft cells, each receiving approximately 10-4x107 cells of this 
organism. The comb was then placed in the nucleus immediately after inoculation. 

Bemlls. 2 day,s: Very few of the larvae had been remo\ed by the bees, and 
there was no sign of infection. 3 (kiys: A large number of the inoculated larvae had 
been sealed over by the bees. Subsequent examinations of the brood 6, 8, 10, 13, 18, 
20 and 21 days after inoculation revt‘al(‘d no infect/ed larvae. 

Exp. 6. 

Nucleuft. Stores; (*ggs and sealed brood; eggs and young larvae (inoculated comb). 
Imculvm. 350 eggs and young larvae 1 4 days old were each given 0-0025 ml. 
of a very dense susiiension of S. apis cells, each larva receiving approximately 12 x 10'’ 
organisms. The comb containing the inoculated larvae was then placed immediately 
in the expcTimcntal nucleus. 

Date of inocukition. 5 duly. 

Jicsidts. 2 days: A few of the eggs and young larvae had bt'en removed by the 
bees, no infected larvae were seen. Subsequent inspection of the brood at intervals 
of 4, 5, 8, 10, 13, 17, 20 and 24 days after inoculation revealed no sick or dead larvae. 

Exps. 5 and 6 indicate that the individual larvae have a high resistance toward 
S. apis vegetative cells in very large numbers. 

Exp. 7. 

Nucleus. Sealed brood; eggs and young larvae (inoculated comb); sealed brood; 
stores. 

I nocuhim. 300 eggs and young larvae from 1-4 days old were each given 0-005 ml. 
of a suspension of B. alvei spores, each larva receiving approximately 5-4 x 10’ spores. 
The comb was immediately suspended in the nucleus. 

Date of inoculation. 13 June. 

Results. 4 days'. An almost perfect patch of sealed brood present at the site of 
inoculation, indicating that very few larvae, if any, had been removed by the bees. 
Careful inspection of the brood at intervals of 9, 14, 21, 27, 32, 37, 42, 48, 55, 58 
and 73 days after inoculation revealed no infected larvae. 

Exp. 8. 

Nucleus. Young larvae and eggs (inoculated comb); sealed brood; young larvae 
and eggs. Stores present in the brood combs. 

Inoculum. 450 young larvae up to 4 days of age and some eggs were given 0-0025 ml. 
of a very dense suspension of B. alvei spores, each receiving approximately 2-7 x 10'’ 
spores. The comb containing these was immediately inserted in the nucleus. 

Date of inoculation. 5 July. 

Results. 2 days : A few larvae had been removed from f he cells in the area inoculated 
but there was no sign of any infected larvae. No infected larvae were seen at sub- 

37.2 
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sequent examinations of the brood 4, 5, 10» 14, 20, 25, 28, 33 and 34 dajB after 
inoculation. 

These two experiments indicate that young larvae when reared normally by 
nurse bees have a high resistance toward B, alvei spores in very large numbers. 

Exp. 9. 

Nucleus. Stores; eggs and young larvae; eggs and young larvae (inoculated 
comb); sealed brood. 

Inoculum. Twenty “European foul brood” larvae in all stages of disease were 
triturated with 20 ml. of sterile water, and from the resulting mass a Pasteur- 
Chamberland L 3 filtrate was obtained as previously described. A portion of this 
filtrate was mixed with an equal amount of a suspension containing 3*5 x 10'® B. alvei 
spores per ml. Each of 100 larvae 2-4 days old on one side of a brood comb received 
0*005 ml. of this suspension, each larva therefore receiving approximately 0*0025 ml. 
of the filtrate and 8*7 x 10’ spores of B. alvei. The comb containing the inoculated 
larvae was placed in the nucleus immediately subsequent to inoculation. 

J)ate of inoculation. 21 June. 

Besults. 2 days: A few of the larvae in the inoculated area had been removed by 
the bees. Subsequent inspection of the brocni 6, 11, 14, 19, 24, 28, 32, 35 and 41 days 
after inoculation revealed no infected larvae. 

The experiment suggests that a filterable virus is not implicated in this disease. 

Exp. 10. 

Nucleus. Stores; sealed brood; eggs and young larvae; young larvae (inoculated 
comb); stores. Weak in bees. 

Inoc'tdum. Each of 800, 2^3-day-old larvae were fed 0*0025 ml. of a suspension 
of S. apis cells, individual larvae receiving approximately 5*2 x 10’ organisms. The 
comb containing them was then incubated in an incubator, in which the humidity 
of the air was maintained at a high level, for 4 days at 35^ 0. At the conclusion of 
this time a large proportion of the larvae had become yellow to brown in colour and 
pappy in consistency and were full of 8 . apis cells. (The appearance of 8 . apis colls 
in starved larvae is shown in PI. XXII, fig. 6 and PI. XXIII, figs. 9 and 10.) However, 
some of the larvae appeared to resist the bacteria, and although they appeared to be 
dead they were apparently sterile as far as could be observed from simple micro- 
scopical observations. The comb containing the infected larvae was then inserted in 
the nucleus. 

Date of inoculation. 2 July. 

Results. 2 days: All the infected larvae hod been removed by the bees, and eggs 
laid in the empty colls. 5-8 da^ys: No sign of any infected larvae. 10 days: Several 
of the larvae which the bees had reared in the introduced (inoculated) comb appeared 
to be sick, and two of these on examination proved to be full of 8. apis cells. 11 days: 
One sick larva in the inoculated comb; this one full of 8. apis cells. A very irregular 
appearance of the brood in this comb indicated that the bees had removed a very 
large number of larvae. 16 and 20 days: No affected larvae seen. 25 dxtys: Thirty-three 
sick or dead larvae, mostly about 4 days old, were counted in the brood combs. Ten 
of these were examined microscopically. All of them contained masses of 8. apis 
colls, together with a variabla number of small rod-shaped bacteria, and in a few 
cases B. alveiAike organisms. 8 . apis (culture 4) was isolated from one of the recently 
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infected larvae. 29 dayei Disease very marked and the nucleus was destroyed, the 
queen and twelve worker bees being used in Exp. 31. A very large number of infected 
larvae were counted in the brood combs. Thus there were approximately fifty-seven 
affected larvae in one of the combs adjacent to the one which was originally inoculated. 
Ten of these were examined. All showed 8, apu cells in large numbers and a variable 
proportion of small rod-shaped bacteria, anrl some B, alvei cells. Two slimy evil- 
smelling larvae showed alvei cells and spores in apparently pure culture. 8, apis 
(culture 6) and B. alvei (culture 14) were isolated in pure culture from remains of 
dead larvae. 


Exp. 11. 

Nudeu^, Stores and sealed brood ; eggs and young larvae ; young larvae (inoculated 
comb); eggs, young larvae and stores; sealed brood and stores. 

Inoctdum. 425 and 630, 3-4-day-old larvae on either side of a comb were each 
fed 0*005 ml. of a suspension of S. apis cells, individual larvae receiving approximately 
1*0 X 10* bacteria. The comb containing them was then incubated as in Exp. 10. At 
the conclusion of this time many of the larvae had been attacked by S. apis as in the 
previous experiment, and the comb was introduced into the nucleus. 

Date of inoculation, 2 August. 

Results, 4 days: Most of the infected larvae had l)een removed from the intro- 
duced comb and eggs laid in the empty cells. 6 days: No sign of inhnjted larvae. 
11 days: Several of the larvae which had been reared in the infected comb by the 
bees had been removed giving the brood an uneven ap|)earaneo. One of seven larvae 
examined was full of 8, apis cells, the remainder being unaffected. No inf(‘ct(^d larvae 
were seen on examinations of the brood 20, 27 an<l .30 days after inoculation. 

The results of the above two experiments show that “European foul brood ” can 
be initiated by placing a large number of larvae artificially infected with 8, apis in 
a healthy nucleus, providing this is done early in the brood-rearing season and the 
nucleus is weak in bees. When the inoculation is carried out late in the brood -rearing 
season the bees are apparently able to ward off the disease. In the first experiment 
a mixed bacterial infection of the brood similar to '‘European foul brood” resulted 
when 8. apis was employed alone in the infection of the stnrved larvae. However, as 
will be seen from Exp. 12, the relative proportion of 8. apis cells in affected larvae 
was greater when 8. apis was used to infect starved larvae than when B, alvei was used. 

Exp. 12. 

Nucleus. Stores; eggs and young larvae; young larvae (inoculated comb); eggs 
and stores. Weak in bees. 

Inoculum. 180 and 395, 3-4-day-oId larvae on either side of a (!omb were fed 
0*006 ml. of a suspension of spores of B. alvei, eacdi larvm* receiving approximately 
8*3 X 10’ spores. The comb containing them was incubated as in previous experiments. 
At the conclusion of this time a very large proportion of the larvae were full of 
sporulating cells of B, alvei, though a few had apparently resisted the organism, and 
appeared sterile on ordinary microscopical examination. The comb containing these 
artificially infected larvae was then suspended in the nucleus. 

Date of inoculation, 25 June. 

EemUa. 2 days: Most, but not all, of the slimy larvae in the introduced comb had 
been removed by the bees, and eggs laid in the empty cells. 5 days: All the inoculated 
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laxvae removed and no sign of infected larvae in any of the combs. 7 days: Young 
larvae being reared in the introduced comb, no sign of infection. 10 and 14 days: No 
sign of infection. 28 days: Fifty-one sick or dead larvae counted in the brood frames. 
Many of these were slimy and evil smelling. Ten were examined microscopically, and 
all showed B, alvei cells in large numbers, and the more recently infected larvae 
showed 8, apis cells and a variable number of small rod-shaped bacteria. 32 days: The 
nucleus was destroyed, the queen being retained together with twelve worker bees for 
Exp. 31. Seventy-two sick or dead larvae were counted in one of the brood frames, 
and many of these were brown, slimy and evil smelling. Thus four slimy larvae of ten 
examined microscopically contained sporulating cells of B. alvei in apparently pure 
culture, the remainder having a large number of B. alvei and 8. apis cells and a 
variable proportion of small rod-shaped bacteria. 8. apis (culture 7) and B. alvei 
(culture 15) were isolated in pure culture from remains of dead larvae. 

Exp. 13. 

Nvdeus. Sealed brood; eggs and young larvae; young larvae (inoculated comb); 
sealed brood; sealed brood. 

Inoculum. 1000 and 900 3-4-day-old larvae on either side of a comb were fed 
0*0026 ml. of a spore suspension of B. alvei, each larva receiving about 1*7 x 10’ spores. 
The comb was then incubated as usual. At the end of this time many larvae were 
affected with the artificially induced disease and the comb containing them was 
inserted in the nucleus. 

Date of inoculation. 9 July. 

Results. 2 days: All infected larvae had been removed by the bees and eggs laid 
in the empty cells. Examinations 5, 7, 13 and 21 days after inoculation revealed no 
infection. 24 days: One suspicious-looking larva full of 8. apis cells, and from this 
a pure culture (culture 3) of 8. apis was isolated. Further examination of the brood 
28, 32, and 34 days after inoculation revealed no infected larvae, and the experiment 
was concluded, since the nucleus had become queenless. 

It is evident from the results of Exps. 12 and 13 that “European foul brood” can 
be initiated by placing a large number of larvae artificially infected with B. alvei in a 
healthy nucleus, provided this is done early in the brood-rearing season and that the 
nucleus is weak in bees. If the inoculation is carried out late in the brood-rearing 
season the bees are able to keep the disease in check. In the first experiment a “mixed 
infection” of the brood similar to “European foul brood” resulted when B. alvei alone 
was employed to infect the starved larvae. However, the relative proportion of 
B. alvei cells present in decaying larvae was much greater than in the experiment 
in which disease was induced employing a pure culture of 8. apis (Exp. 11). 

Exp. 14. 

Nudeus, Sealed brood; eggs and young larvae; young larvae (inoculated comb); 
sealed brood. Strong in bees. 

Inoculum. 720 and 946 2-4-day-old larvae on either side of a comb were fed 
0*0025 ml. of a suspension containing a mixture of 8. apis cells and B. alvei spores, 
each larva receiving approximately 1*4 x 10® spores of B. alvei and 1*6 x 10® vegetative 
cells of 8. apis. The comb containing the inoculated larvae was incubated as usual. 
At the conclusion of the incubation period a large number of larvae had been attacked 
by the bacteria, and microscopical examination showed masses of 8. apis cells and 
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B. olvti vegetative cells and ^poies in these. Some of the larvae were rather slimy, 
others were of a pasty consistency. The infected comb was then inserted in the 
nucleus. 

Date of inoculation, 8 July. 

Results, 2 days: All infected larvae had been removed from the introduced comb 
and eggs laid in the empty cells. 4 days: Eggs and healthy young coiled larvae in the 
introduced comb, no indication of disease. No infected larvae were observed during 
subsequent inspections of the brood 6, 7, 10, 11, 22, 25, ;}3, 35, 40 and 45 days after 
inoculation. By this time the nucleus was very strong in bees and breeding had 
almost ceased. 

Exp. 15. 

Nucleus, Stores and sealed brood ; eggs and young larvae; young larvae (inoculated 
comb), eggs, young larvae and sealed brood. Very weak in bees. 

hwculum, 680 and 410 2-4-day-old larvae on either side of a comb were fed 
0-0025 ml. of a mixed suspension of S. apis cells and B. alrfi spores, eacdi larva re- 
ceiving approximately 9-1 x 10’ cells of S, apis and 5x 10’ spores of B, alvei. The 
inoculated larvae were starved in the comb as usual, and tluui introduced in the 
customary manner to the nucleus. 

Date of inoculation, 21 July. 

Results, 3 days: Most of the dead larvae had been removed by the bees from the 
inoculated comb, and eggs laid in the empty cells. No infeeti'd larvae seen. 5 days: 
One dead larva in a comb adjacent to the introduced comb, and this was full of 8. apis 
and /i. alvei cells. 9 days: No infected larvae seen. 16 days: Two dead larvae full 
of 8. apis and B. alvei cells. B. alvei (culture 18) was isolated in pun* culture from 
one of these larvae. 18 and 20 days: No sick or dead larvae were se('n. 22 days: Two 
si(*k larvae full of 8. apis cells and small rod-shaped bacteria. 27 days: Four larvae 
full of 8, apis cells and small rod-shaped bacteria. 8. apis ((uilturc 10) was isolated 
from one of these larvae. 29 (hiys: »Six sick or dead larvae full of 8 . apis cells and 
small rod-shaped bacteria. 36 and 40 days: Breeding very slowly, and no sign of any 
infected larvae. 

It is apparent from the results of these two experiments that healthy nuclei are 
no more liable to contract disease when a mixture of 8. apis and B. alvei is employed 
to initiate disease than when only one of these organisms is used. Jt can also be seen 
that, while a nucleus weak in bees can contract a transient form of “European foul 
brood” late in the brood-rearing season by the means of inoculation employed, a 
strong nucleus will not contract the disease even though it be moculated somewhat 
earlier in the brood-rearing season. 

Exp. 16. 

Nucleus, Sealed brood and stores ; young larvae and sealed brood ; young larvae 
(inoculated comb); young larvae and sealed brood. 

Inoculum, Forty larvae sick or dead of “Eurojiean foul brood were triturated 
in 20 ml. of sterile water. 530 and 350 2-4-day-old larvae on either side of a comb 
were fed 0*0025 ml. of this suspension. The comb containing the inoculated larvae 
was incubated in the usual manner, with the result that a large number of the larvae 
died with masses of 8, apis and B. alvei cells in their tissues, and in addition some 
small rod-shaped bacteria. The comb was then introduced into the nucleus. 
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Dak of inocuMion, 20 July. 

BesuUa. 2 days: Most of the dead lairae in the introduced comb had been removed 
by the bees and eggs laid in the empty cells. No infected larvae were observed on 
examining the brood 4, 10, 13, 17, 21 and 23 days after inoculation. 28 days: One 
sick larva full of S, apis cells recovered, and from this a pure culture of 8, apis 
(culture 11) was isolated. Subsequent inspections of the brood 37 and 45 days after 
inoculation revealed no infected larvae. 

From this experiment it would appear that crushed suspensions of naturally 
infected European foul brood** larvae are no more capable of initiating serious 
infection in the brood of a healthy nucleus relatively late in the brood-rearing season 
than are pure cultures of 8, apis and B, alvei when the same technique is employed. 
Exp. 17. 

Nvxdeus. Stores; eggs, young larvae and sealed brood; young larvae (inoculated 
comb); eggs and sealed brood. 

Inoculum, A Pasteur-Chamberland L 3 filtrate from European foul brood material 
was obtained by the technique previously described, forty larvae in all stages of the 
disease being crushed in 20 ml. of water for the purpose. A portion of the resulting 
filtrate was mixed with an equal volume of a suspension containing 8. apis cells and 
B. alvei spores. 900 larvae 2-4 days old on one side of the comb, and 700 the other 
side, were fed 0*0026 ml. of this suspension, each larva receiving 0*00126 ml. of 
filtrate, 8*4 x 10’ 8, apis cells and 2*6 x 10’ spores of B, alvei. The inoculated comb 
was incubated in the usual manner, many of the larvae decomposing with masses of 
8, apis and B, alvei cells in their tissues. It was then suspended in the experimental 
nucleus. 

Dale of inoculation, 19 July. 

Results, 3 days: Nearly all the dead larvae in the inoculated comb had been 
removed by the bees, only a few brown scales remained. Eggs being laid in the 
empty cells. No infected larvae were seen during examinations of the brood 6, 11, 
13, 18, 23, 28 and 37 days after inoculation. At the conclusion of this time, breeding 
was very slow. 

This experiment shows that filtrate from infected brood mixed with the bacteria 
found in diseased larvae is no more capable of initiating disease relatively late in 
the brood-rearing season than are pure cultures of the bacteria alone. This may be 
looked upon as further evidence in favour of the fact that a virus is not implicated 
in the etiology of ‘‘European foul brood’*. 

Exp. 18. 

Nuckus, Young larvae and sealed brood; young larvae (starved without inocula- 
tion); eggs and young larvae; young larvae and sealed brood. 

Inoculum, A comb containing a large number of 1 -4-day-old larvae was selected, 
and was incubated as usual, the larvae not being inoculated. At the conclusion of the 
incubation period the comb contained many autolysing larvae, ten of which, on 
microscopical examination, appeared to be sterile. The comb was then inserted in 
the nucleus. 

Date of inoculation, 27 June. 

Results. 2 days: Most of the starved larvae had been removed by the bees and 
eggs laid in the empty cells. Further observations 4, 7, 11, 20, 22, 30, 36, 44, 49, 
60 and 63 days after inoculation revealed no infection. 
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Exp. 19. 

Nucleus. Stores; eggs and young larvae; eggs and young larvae; young larvae 
(starved); eggs and young larvae; sealed brood and stores. Very weak in bees. 

Inoculum. 475 and 660 2~4-day-old larvae on either side of a comb were each fed 
0*006 ml, of sterile brood filtrate. The comb was then incubated for 4 days in the 
customary manner. Microscopical examination of six autolysing larvae from the 
comb at the end of this time revealed no bacteria. Jt was then inserted in the nucleus. 

Date of iTioculation. 24 July. 

Results, The dead larvae were removed by the bees in the usual manner and no 
infected larvae were observed 6, 14, 19, 24. 30, 40 and 49 days after inoculation. 

Exps. 18 and 19 may be regarded as control experiments, for they show that 
uninfected starved larvae will not induce infection in healthy nuclei early or late in 
the brood>rearing season. 

Exp. 20. 

Nucleus. Eggs, young larvae and sealed brood; eggs, young larvae and sealed 
brood; inoculated comb; sealed brood. 

Inoculum. A comb of freshly drawn foundation was selected, and each of 600 empty 
cells near the centre of the comb received 0*005 ml. of a 8U8j)ension containing 
approximately 6*7 x 10* cells of S. apis. The comb was iiKuibated 12 hours at 33° C., 
in order to dry the bacterial suspension, and it was then suspended in the nucleus. 

Date of inoculation. 15 July. 

Results. 10 daysx A very even patch of sealeil brood and young larvae had l)een 
reared by the bees on the inoculated side of the introduced comb, and no indication 
of any infection. No infected larvae were seen 15, 22, 26, 33 and 42 days after 
inoculation. 

Exp. 21. 

Nucleus. Stores; eggs and young larvae; inoculated comb; sealed brood; sealed 

brood and stores. 

Inoculum. Approximately 2 x 10* spores of B. alvei were dried in each of 600 empty 
cells in a brood comb as in the previous exj)erimerit. The comb was then introduced 
into the nucleus. 

Date of inoculation. 16 July. 

Results. Eggs and young larvae almost ready for sealing were present in the 
inoculated comb and no infected larvae were seen. Examinations of the brood 15, 23, 
28, 33 and 40 days after inoculation revealed no infected larvae. 

From the results of the above two experiments it would apptvir that it is not 
possible to infect healthy nuclei relatively late in the brood-rearing season by the 
method employed. 

Exp. 22. 

(a) Nucleus. Stores; eggs and young larvjie; eggs; young larvae and sealed brood; 
sealed brood and stores. Breeding relatively slowly. 

Inoculum. S. apis was inoculated into 200 ml. of sterile milk containing 10 ml^ 
of brood filtrate, and the resulting culture incubated for 12 hours at 35° C. The 
resulting coagulated milk was poured into the empty cells of the brood combs of the 
nucleus, some of it being poured over the coiled larvae. 



674 Stvdies on European Foul Brood of Bees 

Date of inocvkUion. 7 August. 

BesuUs, 3 days; Two suspicious-looking larvae; both of these contained a few 
S, apis cells. 5 days: No sign of infection. 10 days: One larva still living contained 
a few S, apis cells and small rod-shaped bacteria. No infected larvae were seen 19, 
26 and 34 days after inoculation. 

(b) Nucleus. Stores; eggs and sealed brood; eggs and young larvae; eggs and 
sealed brood; sealed brood and stores. 

Inoculum. The method of inoculation was identical with that given above except 
that the milk culture was heated at 100^^ C. for 30 min. in order to kill the bacteria. 

Date of inoculation. 7 August. 

Resvlts. No infected larvae were seen during examinations of the brood at the 
same intervals as recorded in the above experiment. This experiment was the control. 
Exp. 23. 

(а) Nucleus. Stores and sealed brood; eggs and young larvae; eggs and young 
larvae; eggs and stores. Breeding relatively slowly. 

Inoculum. B. alvei was cultivated for 7 days at 35° C. in 250 ml. of milk containing 
10 ml. of brood filtrate. At the end of this time 88 x 10® spores of B. alvei in 10 ml. 
of suspension were added to the milk culture in order to increase the inoculum. The 
culture was then poured over the brood frames of the nucleus. 

Date of inoculation. 8 August. 

Results. Examinations 2, 4, 9, 18, 24, 28 and 36 days after inoculation revealed 
no infected larvae. 

(б) Nucleus. Sealed brood and stores; eggs and young larvae; young larvae; 
stores. Breeding relatively slowly. 

Imculum. The inoculum was identical with that employed in the first part of 
the experiment except that the milk culture was autoclaved in order to kill the 
spores of B. alvei. 

Date of inoculation. 8 August. 

Results, No infected larvae were seen at intervals of examination identical with 
those employed in part (a) of the experiment. 

The results of Exps. 22 and 23 indicate that it is not possible to infect healthy 
nuclei with milk cultures of S. apis or B. alvei late in the brood-rearing season. The 
experiments should be repeated early in the brood-rearing season. 

Exp. 24. 

Nucleus. Stores; sealed brood and young larvae; eggs and young larvae (inocu- 
lated); eggs and stores; sealed brood. 

Inoculum. 50 ml. of a suspension of 8 . apis cells containing approximately 
1*4 X 10^® organisms was poured over the eggs and young larvae of one of the brood 
combs. The comb was then suspended in the nucleus. 

Date of inoculation. 22 July. 

Results. 3 days: A fairly large number of the larvae in the inoculated comb had 
been removed by the l>ees as was evidenced by a pronounced irregularity in distri- 
bution of the brood. Further examinations 8, 11, 16, 21, 26, 35 and 42 days after 
inoculation revealed no infected larvae. 

This experiment indicates that disease cannot be induced in a healthy nucleus 
fairly late in the brood-rearing season by pouring relatively large numbers of 8. apis 
vegetative cells over young coiled larvae. 
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IL Inoculation of experimetUal nuclei by feeding the bees suspensions 
cofUaining bacteria or other infective material 

Exp. 26. 

Nucleus, Stores; sealed brood; eggs; young larvae and eggs. 

Inoculum, Forty larvae sick or dead of “European foul brood” were ground up 
with 60 ml. of sterile syrup and fed to the bees of the nucleus. 

Date of inoculation, 10 July. 

Results, 2 days: All the infective material had been taken by the bees. 5 days: 
Three sick larvae seen. 9 days: Four sick larvae in one comb. All of these had S. apis 
cells in large numbers, and two of them small rod-shaped bacteria as well. 13 days: 
Six affected larvae were recovered. All of these contained largo numbers of S. apis 
cells and a variable proportion of small rod-shaped bacteria. B. alvei cells were seen 
in one of the affected larvae. Pure cultures of S. apis (culture 5) and of B. alvei 
(culture 13) were isolated. 22 days: Four larvae full of S. apis cells and small rod- 
shaped bacteria were recovered. One of these contained a fair number of B. alvei 
cells. 33 days: One affected larva full of S. apis cells recovered. Subsequent examina- 
tions of the brood 45, 51, 55 and 62 days after inoculation revealed no further infection. 

This experiment is of interest in that it shows that a nucleus of hybrid bees is 
capable of keeping “European foul brood” in check, even when a relatively large 
inoculum of infectious material from natural sources is given, providing that it is 
given at a time when brood rearing is about to decline. 

Exp. 26. 

Nucleus. Eggs; young larvae; stores. Weak in bees. 

Inoculum. The bees were fed infectious material on four successive occasions as 
follows; 

Ist day: 34 x 10'® vegetative cells of B. apis is 50 ml. of syrup. 

3rd day: 44 X 10'® „ »» 

,5th day: 52 X 10'® .. » 

19th day: 46x10'® 

Date of first inoculation. 8 July. 

Results. Inspections of the brood up to the time of the last inoculation, and 
thereafter at intervals of 28, 36, 40, 47, 56 and 66 days afier the first inoculation, 
revealed no infected larvae. 

Exp. 27. 

Nucleus. Eggs; young larvae; stores. Weak in bees. 

Inoculum. The bees were fed infectious material on three successive occasions 
as follows: 

1st day: 4 x 10" spores of B. alvei in 50 ml. of syrup 
8th day; 4-6 X 10" „ ,» >» 

10th day: 6-1 X 10" 

Date of first inoculation. 2 July. 

Results, No infected larvae were observed up to the time of the last feeding, nor 
at intervals of 16, 23, 32, 36, 41, 46 and 64 days after the first feeding. 
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From the results of these experiments it would seem that nuclei are not infected 
by feeding the bees large numbers of S. apia vegetative ceils or B, alvei spores, even 
when several successive doses are fed. 

Exp. 28. 

Nttdetts, Sealed brood and stores; eggs, young larvae and sealed brood; drawn 
comb; eggs, young larvae and sealed brood; stores and sealed brood. 

Inoculum. 20 ml. of a Pasteur-Chamberland L 3 filtrate prepared in the usual 
manner from 100 larvae sick or dead of “European foul brood” crushed in 30 ml. 
of sterile brood filtrate were fed to the bees of the nucleus. 

Date of inoculation. 19 July. 

BeauUa. No infection was observed 3, 6, 11, 22, 29, 37 and 45 days after inoculation. 
Exp. 29. 

Nucleus. Eggs and young larvae; sealed brood and stores; sealed brood and 
stores; eggs and young larvae; sealed brood and stores. 

Imculum. 25 ml. of a Pasteur-Chamberland L 2 filtrate prepared in the usual 
manner from ninety “European foul brood” larvae in all stages of disease crushed 
in 60 ml. of sterile brood filtrate were fed to the bees of the nucleus. 

Date of inoculation. 22 July. 

Remits. No infected larvae were seen 3, 9, 16, 21, 26, 33 and 42 days after 
inoculation. 


Exp. 30. 

Nucleus. Stores; eggs and young larvae; sealed brood; stores; eggs and young 
larvae. 

Inoculum. The bees were fed infectious material on each of two successive days 
as follows: 

First feeding: 2x10^® spores of B. alvei; 6*7x10^' vegetative cells of 8 . apis; 

5 ml. of a Pasteur-Chamberland L 2 filtrate, prepared as in Exp. 29; and 15 ml. of 
sterile syrup. 

Second feeding: 2x 10^' spores of B. alvei; 3-7 x 10” vegetative cells of 8. apis; 

6 ml. of the Pasteur-Chamberland L 2 filtrate; and 15 ml. of sterile syrup. 

Date of inoculation. 15 July. 

Results. No infected larvae were found when the brood was examined 4, 8, 18, 
24, 33, 35, 40 and 43 days after inoculation. 

The above three experiments may be regarded as additional evidence in favour 
of the fact that a virus is not implicated in the etiology of “European foul brood”. 

III. The results of transferring queens from nuclei affected with European 
foul brood'' to healthy queenless nuclei 

Exp. 31. 

The queens from the nuclei used in Exps. 2, 10 and 12 were kept for 48 hours in 
queen cages with twelve worker bees; the cages containing candy as usual. Three 
three-comb nuclei (two combs of sealed brood and stores and one frame with founda- 
tion) were made up, and one of the above queen bees was introduced into each 
nucleus, the date of introduction being 1 or 2 August. 
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BmuUa. 9 daya after introduction: Large numbers of eggs had been laid in at 
least two frames of each nucleus. 16 dxiysi Eggs, young larvae and sealed brood in 
each nucleus, and no sign of any infected larvae. Further inspections of the brood 
23, 29 and 41 days after the introduction of the queens revealed no infected larvae. 

This experiment may be regarded as further evidence in favour of the fact that 
''European foul brood’* is not carried by the queen. 


Discussion 

It is evident from the results of the experiments described in this 
paper that “European foul brood” can be initiated in healthy nuclei by 
feeding either the bees or the larvae direct naturally infected material. 
However, the success attendant upon such experiments varies greatly 
according to the conditions under which they are carried out. Thus 
disease was readily induced in a nucleus weak in bees in the active part 
of the brood-rearing season by inserting in it a comb containing many 
larvae aflected with “European foul brood”. When small amounts of 
a suspension of crushed “European foul brood” larvae were fed direct 
to larvae rather early in the brood-rearing season different results were 
obtained in each of two experiments. In one case the disease appeared 
but was merely of a mild transient form, never assuming serious pro- 
portions, and disappearing toward the end of the brood-rearing season. 
In the other case no disease resulted ; probably because the nucleus was 
strong in bees of a good “house-cleaning” type. When forty larvae 
affected with “European foul brood” were fed in syrup to the bees of 
a healthy nucleus about half-way through tlu^ brood-reariiig season, 
disease resulted but was not of a serious kind, and toward the end of 
the brood-rearing season no sick or dead larvae could b(^ found. In a 
further experiment small amounts of crushed “European foul brood” 
larvae were fed directly to young coiled larvae, the comb containing them 
being incubated for 4 days at 35'' C. The comb containing these was then 
introduced into a healthy nucleus rather late in the brood-rearing season, 
with the result that no disease developed. 

Experiments have also showm that “European foul brood” can be 
induced in healthy nuclei by inserting in them combs containing larvae 
which have been artificially infected by feeding them pure cultures of 
B, alvei or S. apis and starving them for 4 days at 35° C. The suscepti- 
bility of the larvae of healthy nuclei to infection when combs containing 
larvae thus infected are inserted in them appears to be governed by 
approximately the same conditions as pertain to inoculations made with 
infected larvae obtained from natural sources. Thus, ip the experiments 
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recorded, inoculation of nuclei by this means early in the brood-rearing 
season was followed by a severe infection, while later in the season either 
a very mild transient infection resulted, or no disease was produced. 
It is of some interest that even when a pure culture of S. apis or 5. alvei 
was used to infect the larvae which were employed in the starvation 
experiments the disease which ultimately resulted was a mixed one in 
which both these bacteria were recovered from certain of the infected 
larvae. However, the relative proportion of B, alvei and S. apis varied, 
depending on which of them had been employed in the original inocula- 
tions. Thus, in the case of an experiment made using starved larvae 
which had been infected with S. apis, the number of larvae with masses 
of sporulating B. alvei cells was less than in the case of a similar experi- 
ment in which B, alvei had been employed to inoculate the larvae prior 
to starvation. In further experiments a mixture of B. alvei and B. apis 
was fed to larvae which were subsequently starved in their combs and 
then introduced into healthy nuclei. In one experiment a mild transient 
form of ‘‘European foul brood” resulted when a nucleus very weak in 
bees was inoculated in this manner quite late in the brood-rearing season. 
In another experiment in which a nucleus of normal strength was 
inoculated much earlier in the brood-rearing season no disease resulted. 
Certainly it would appear from these results that a mixture of S, apis 
and B. alvei cells is no more capable of initiating disease than one of 
these organisms alone by the technique employed. Control experiments 
in which uninfected starved larvae were introduced into nuclei early and 
late in the brood-rearing season were unsuccessful as regards initiating 
disease. 

It is of some interest that a mixed bacterial infection of the brood 
ultimately resulted when pure cultures of B. alvei or S, apis were used 
to infect larvae by the “starved larvae” technique. The reason for this 
is not known. It does seem possible that the bees introduce bacteria into 
recently infected or decaying larvae. Certainly bees are by no means 
sterile creatures bacteriologically, and Bruce White (22) found that 
normal healthy bees carry an organism similar to B. apis in their intestinal 
tracts. It is well known that the normal hive contains certain spore- 
forming bacteria, including B. alvei. In general the results of these 
experiments suggest that “European foul brood” may not be a single 
disease, but is, perhaps, a mixed bacterial infection of the brood of 
weak colonies of bees. However, any absolute conclusion regarding this 
must be postponed until additional experiments can be carried out. 

Up to the present time it has not been found possible to infect the 
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brood of healthy nuclei by feeding the bees several successive doses 
containing either S. apis vegetative cells or B. alvei spores in large 
numbers. Likewise no disease has been initiated when larvae have been 
fed these organisms directly and then immediately placed in healthy 
nuclei without a preliminary starvation period. In this respect the 
results obtained by Borchert(5, 0 ) have not been verified. The reason for 
this is not clear, but it is possible that the race of bee used by Borchert 
was one which was very susceptible to disease of the “European foul 
brood’* type. Attempts to cause infection by pouring milk cultures 
S. apis or B, alvei over developing brood of healthy nuclei have also 
proved unsuccessful; however, these experiments have been carried out 
rather late in the brood-rearing season. Bacteria-frec filtrates prepared 
by filtering crushed suspensions of “European foul brood” larvae 
through Pasteur-Chamberland L 2 or L 3 filters have not caused infection 
when fed directly to the larvae or to the bees of healthy nuclei, either 
alone or in combination with bacteria. From these results it would 
appear permissible to conclude that a filterable virus is in no way 
implicated in the etiology of this type of brood infection, especially in 
view of the successful results obtained with pure cultures of bacteria. 

The results of all the experiments outlined above indicate that, with 
the type of bee used, it is normally not easy to initiate “European foul 
brood” in healthy nuclei unless inoculations are made early in the 
brood-rearing season, that is at a time when the preponderance of young 
larvae over both “nurse” and “house-cleaning” bees is relatively high, 
and consequently at a time when the larvae may be subject to a condition 
approaching malnutrition. This finding is in direct agreement with the 
important observations made by Sturtevant(i:p with ri'ference to the 
conditions favouring the vspread of “European foul brood”. This in- 
vestigator found that black and hybrid bees are more susceptible to 
“ European foul brood ” than are Italian races ; that tiic disease normally 
occurs only during the early part of the brood- rearing season; that 
Italian stocks of normal strength will not contract the disease; that the 
disease frequently disappears when an affected stock (experiences a good 
honey flow and the season advances; and that it is relatively easy to 
infect a weak stock of black or hybrid bees in the spring, but that it 
becomes increasingly difficult, if not impossible, to infect su(‘-h a stock 
during a heavy honey flow late in the summer wdien breeding is slow. 

At present no really satisfactory explanation can be advanced for 
the fact that such a large inoculum of infected starved larvae is required 
to induce disease, and that bacteria fed directly to bees or to larvae 
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which are subsequently attended to by the “nurse bees’* have not, in 
the experiments recorded in this paper, caused disease. Perhaps a 
considerable attenuation with respect to virulence follows when the 
bacteria are cultivated for even a short time upon laboratory media, and 
passage through larvae whose resistance has been weakened by starvation 
may restore virulence. Again the possible influence of decomposing 
brood as a convenient “vehicle” for transmitting the disease must be 
considered, as well as the fact that the initial inoculum is probably 
greater when the “starved larvae” technique is employed than when 
bacterial suspensions are fed. 

The cause of so-called “European foul brood” has long been a matter 
of controversy. White (19, 20) believed that a microorganism, B. plutoft, 
which could not be cultivated on any medium studied caused this disease. 
Lochhead{9, 10) suggested that iJ. pluton did not exist as an organism 
distinct from S. apis, and that the forms seen by White, and which were 
called fi. pluton by him, were merely lanceolate-shaped vegetative cells 
of S. apis. He also concluded, on the basis of certain morphological 
observations, that “European foul brood” might be caused by a pleo- 
morphic organism which could assume the form of S. apis or B. alvei. 
This view has recently been adopted by Burnside (7, 8), who apparently 
believes that S. apis, B, alvei and Bacterium eurydice may all be forms of 
a single pleomorphic organism. Since this worker has also suggested that 
so-called B, pnra-alvei may dissociate into apis one is forced to conclude, 
on this theory, that all four organisms are pleomorphic forms of a single 
organism. While this view has not been disproved as yet the evidence 
advanced in favour of it is incomplete, and there is room for further 
investigation. Borchert(J,2, 3, 4,5,6) has recently advanced certain evi- 
dence in favour of the fact that so-called “European foul brood” is 
not a single disease, but merely represents a mixed bacterial infection 
of the brood. This explanation seems a fairly plausible one in view of the 
facts already recorded in this paper. Moreover, the disease varies con- 
siderably as regards bacterial flora. Thus several different species of 
spore-forming bacilli have been described as occurring in different cases 
of this type of infection(5,6,i6). Also mixed bacterial diseases of the 
brood other than the disease described as “European foul brood” by 
White (19, 20) have been noticed (8, 17, IQ). 

The results obtained by certain other investigators (3, 4, 5, 7, 9, lO) have 
led them to assume that B.fluton White does not exist as a species distinct 
from S. apis, but perhaps this conclusion should not yet be regarded 
as final. Certainly the lanceolate-shaped coccus cells seen in larvae 
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affected with ‘‘European foul brood” are apparently not very different 
from those encountered in pure cultures of S, ctpis or those seen in larvae 
artificially infected with this organism employing the starvation 
technique” (PI. XXII, fig. 6 and PI. XXTII, figs. 7-12). It is not un- 
likely that so-called “European foul brood” is no well-defined single 
disease. Rather would it appear that it may be a mixed bacterial infection 
of the brood of bees occurring in the main in the brood of weak colonies, 
and that it has no single specific etiological agent. The theory that the 
bacteria found in “European foul brood" are pleomorphic forms of a 
single species must be regarded with caution until more experimental 
work has been carried out. As yet the evidence presented in support of 
this hypothesis is by no means adequate enough to warrant its adoption. 

Summary 

“European foul brood” has been initiated in healthy nuclei by 
feeding either the young larvae directly or the bees naturally infected 
material. The disease thus produced varied from a mild transient 
infection to a serious form depending upon whether the inoculation had 
been made early or late in the brood-rearing season. In one experiment 
in which a nucleus very strong in bees was employed no disease resulted. 

“European foul brood” has also been induced in healthy nuclei by 
suspending in them combs containing artificially infected larvae in which 
disease had been produced by feeding tliem pure cultures of Strep oooccuh 
apis or Bacillus almi and then starving them under conditions favouring 
the growth of the bacteria. The susceptibility of nuclei to infection by 
this means seems to be governed by approximately the same conditions 
as pertain to inoculations made with material obtained from natural 
sources. The disease thus induced ultimately becomes a mixed bacterial 
infection of the brood. 

Attempts to cause disease by feeding the bees or larvae (without 
starving them) relatively large numbers of S. apis or B. alvei organisms 
have as yet proved unsuccessful. Whether this is due to the fact that 
these bacteria become attenuated with respect to virulence by culturing 
them on artificial media, or that decomposing brood acts as a vehicle 
and that the relative inoculum is greater by this method, remains to 
be determined. 

The failure to produce “European foul brood” by feeding sterile 
Pasteur-Chamberland L 2 or L 3 filtrates prepared from naturally 
infected larvae to the bees or larvae of healthy nuclei, cither with or 
without bacteria, may be taken as strong evidence in support of the 
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view that a filterable virus is in no way implicated as an etiological agent 
in this type of disease. This conclusion is strengthened by the success 
which has attended the use of pure cultures of the bacteria associated 
with this disease employing the “starved larvae’’ technique described. 

The introduction of queen bees from nuclei affected with “European 
foul brood” into healthy quoenless nuclei has not caused any trans- 
mission of the disease under the conditions of the experiments. 

Two species of S. apis Maassen have been isolated from affected 
larvae taken from several different cases of “European foul brood”; 
one of these hydrolyses both casein and gelatine, the other does not. In 
other respects these species appear to be identical. 

The etiology of so-called “European foul brood” is discussed in 
detail, and it is suggested from the evidence submitted in this and 
other papers that it may not be a single disease with one well-defined 
etiological agent, as is American foul brood, but is, perhaps, a non-specific 
mixed bacterial infection of the brood of bees, especially of the brood 
of weak colonies. This conclusion must be regarded as temporary pending 
further investigation. 

My thanks arc due to Mr D. M. T. Morland and to Mr A. Rolt, whose 
generous advice and assistance in connexion with the apiary work greatly 
facilitated the carrying out of the practical experiments. 
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EXPLANATION OF PLATES XXII-XXIV 

(All photographs x 1200) 

PLATE XXII 

Fig. 1. Bfrvpfococcus apis (culture 1) after 16 hours’ growth on ho(‘f' flig(‘Kt agar. This 
strain was a gelatin and casein hydroly.sor and was cnijdoyed in ail the infection 
experiments. 

Fig. 2. Strepiocoerms apis (culture 3) after 24 hours’ growth on beef-digest agar. Note the 
chain of cells. This strain was not a casein or gelatin liydrolyser. 

Fig. 3, BtrepUmeem apis (culture 3) after 24 hours’ growth on ].(Ochhead’s sucrose-glncose- 
poptone agar (10). 

Pig. 4. Birepfxtcoccus apis (culture 1) after 16 hours’ growth on Lochhead’s siKtrose-glucoso- 
peptone agar(10j. 

Pig. 5. Htreptococcus apis (culture 1) after 12 hours’ growth on boof-digost agar containing 
1 ml. of Af/5 phosphate buffer pH 7*0 |j(*r 5 ml. Note the very variable size of the 
cells. 

Pig. 6. Streptococcus apis growing in the tissues of a starved larva after 4 days at 35® C. 
Note the lanceolate-shaped cells. 
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PLATE XXIII 

Fig. 7. Streptococci apis and Bacillus alvei (a single vegetative cell) growing in a larva 
sick of “European foul brood 

Fig. 8. Streptococcus apis showing a mass of typical lanceolate-shaped cells in a larva 
afTocted with “European foul brood**. A few small rod-shaped bacteria {Bac^ium 
eiirydicel) can also be seen. 

Fig. 9. Streptococcus apis and Bacillus alvei growing in the tissues of a larva which had 
been fed a mixed suspension of the cells of both these organisms and then starved 
for 4 days at 35° C. 

Fig. 10. Streptococcus apis and Bacillus alvei growing in the tissues of a “starved larva’*. 

Fig. 11. Streptococcus apis, Bacillus alvei and a few small rod-shaped bacteria {Bacterium 
eurydicel) growing in the tissues of a larva affected with “European foul brood**. 
This larva was one of those recovered in Exp. 15. 

Fig. 12. A preparation similar to that shown in Fig. 11, only from another case of “Euro- 
pc^an foul brood”. 

PLATE XXIV 

Fig. 13. Bacillus alvei growing in a “starved larva”. This larva was brown, slimy and 
rather evil smelling as a naturally infected larva. Note the spore formation. 

Fig. 14. Bacillus alvei in a slimy decaying “ European foul brood ” larva. The sporulating 
vegetative cells arranged round the large fat body are similar to those shown in 
Fig, 13. 

Fig. 15. Bacillus alvei and Streptococcus apis in a larva dead of “European foul brood”. 

Fig. 15. Streptococcus apis and a torula or yeast in a larva dead of an atypical “European 
foul brood”. In this case the torula or yeast appeared to take the place normally 
occupied by Bacillus alvei (17). 

Note. 1 n most of the preparations made from affected larvae a greater or lesser number 

of round fat bodies of variable size are to be seen; e.g. Figs. 0, 8, 9, 10, 12 and 13. 


{Received 7 January 1936 ) 
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STUDIES ON EUROPEAN FOUL BROOD OF BEES 

m. FURTHER EXPERIMENTS ON THE PRODUCTION 
OF THE DISEASE 

By H. L. a. TARR 

Bothamted Experimental Station, Harpenden, Herts 
(With Plate XXXIX) 

In a previous communication (S) the results of experiments on European 
foul brood were recorded. It was found that certain of the bacteria 
commonly occurring in larvae affected with the disease (Streptomceus 
apis and Bacillus alvei) were incapable of producing it when fed in large 
numbers to the bees or larvae of healthy colonies. The disease was initiated 
by introducing infected material obtained from natural sources into 
healthy nuclei, or by suspending in them larvae which had been artificially 
infected with Streptococcus apis or Bacillus alvei employing a special 
technique. The facts that European foul brood usually appears in weak 
colonies of bees in the spring, and that it tends to disappear with the 
advent of a honey flow and a decrease in brood-rearing activity were 
verified. 

The results of these experiments were not sufficiently conclusive to 
impUcate any single organism as the primary etiological agent in Euro- 
pean foul brood, and it was temporarily suggested that the disease might 
merely be a mixed bacterial infection of the brood of weak colonies of 
bees. Experiments to be described in this paper have shown that this 
view was erroneous, for careful work has resulted in a verification of the 
findings of White (9, lO), namely that a micro-organism, which has so far 
resisted all attempts to cultivate it in vitro, probably causes the disease. 
The experimental basis for this conclusion will be outlined. 

The mobpholooy of the fbimary invading obganism in 

EtmOFEAN FOUL BROOD: ITS DISTINCTION FROM SO-OAU.ED 
StbBPTOOOOOVS APIS 

White (9, 10) stated that European foul brood was a single disease 
caused by a lanceolate-shaped coccus which he named BadUus pluton. 
The organism failed to multiply on a number of different media wUch he 
.studied, and his findings have, therefore, been much criticized. Thus 
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Lochbead, Burnside & Borchert, whose work has been cited in previous 
papers ( 4 , 6 ), and, formerly, the writer have all rejected this view. The 
remarkable confusion which has arisen with reference to the cause of this 
disease is largely due to the failure of these investigators to difierentiate 
B* pltUon from the so-called ^^Streptococcus apis** species which so 
frequently occur in affected larvae. S. apis can no longer be considered 
a distinct species, for the lactic acid streptococci which often occur in 
larvae affected with European foul brood are apparently identical with 
S. Uquefa^yiens and S, glycerinacemiit 7 ). These species commonly occur 
in cattle faeces and may be collected by the bees when seeking moisture. 
Though it is strictly incorrect, the designation S. apis will be retained for 
convenience when referring to the lactic acid streptococci which occur in 
larvae affected with European foul brood. 

In carrying out experiments on the production of European foul 
brood in 1936 the writer noticed that numerous lanceolate-shaped coccus 
organisms were present in the intestines of certain larvae examined, and 
that no growth of these cells occurred when media suitable for cultivating 
8, apis were used. At the time little credence was given to this obser- 
vation, partly in view of the fact that a large body of published data had 
recently appeared stating that Bacillus pluton did not exist as a species 
distinct from Streptococcus apis, and partly because it was believed, 
erroneously, that these cocci were merely S, apis organisms which had 
either undergone autolysis, or had been killed by the larvae. For these 
reasons the mistake of referring to all the coccus-shaped organisms seen 
in larvae affected with European foul brood as S, apis was made, and it 
is fairly certain that the cocci shown in Figs. 8, 11, 12, 15 and 16 of the 
last paper of this series ( 5 ) were Bacillus pluton and not Streptococcus apis. 
Badlltts pluton and Streptococcus apis can be distinguished morpho- 
logically, especially in unstained preparations, though this distinction is 
not always a very sharp one. This difference is best shown by a series of 
photomicrographs (PI. XXXIX). In Fig. 1 Bacillus pluton, as it appears 
in the intestine of an apparently healthy larva about 3 days old taken from 
a colony of bees affected with European foul brood, is shown. In this 
figure the organisms are embedded in a fold of membrane; probably 
this is a portion of the peritrophic membrane, for White (lo) stated that 
J5. pluton is localized there. At this stage the cocci are invariably rather 
small and occur chiefiy in pairs and, very occasionally, in short chains 
but, as they increase in number, they tend to occur singly. This transition 
is shown in Fig, 2, short chains and pairs of cocci, and oval cocci occurring 
singly in an apparently healthy larva about 3 days old being illustrated. 

40-2 
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B. phtbm, as it oocois in larvae about i days old definitely affected witb 
European foul brood but still living, is shown in Figs. 3 and 4. These 
cocci have a characteristic oval shape with pointed ends, are of variable 
size, and frequently occur in clumps as shown in Fig. 3. B. phiton and 
Streptoeoooiu apis, as they occur together in larvae affected with European 
foul brood, are shown in Figs. 5 and 6. In both these preparations the 
typical lanceolate-shaped cells of BaoiUus plutm can be distinguished 
from the more spherical cells of Streptococcus apis. The small rod-shaped 
bacteria shown in Figs. 3-6 are the Bacterium eurydice of White. Strepto- 
coccus apis was readily cultured from the stomachs of the larvae used in 
making the preparations for Figs. 6 and 6, but all attempts to cultivate 
the cocci from the material used for the preparations from which 
Figs. 1-4 were made failed. It must be concluded that BaciUus phUon 
and Streptococcus apis are not identical organisms. 

From the marked variation in the type of coccus cell shown in Figs. 
1-4 it might be inferred that more than one species of coccus which 
cannot be cultured in vitro occurs in larvae affected with European foul 
brood, that is, that BaciUus pliMn is not a single species. Naturally 
this question must remain unanswered until such time as the organisms 
are cultivated and identified. Meanwhile it would seem wise to employ 
the somewhat unsuitable designation B. pluton for them. 


Experimental 

The technique employed in the identification and cultivation of the 
bacteria used was identical with that previously described (S). Sus- 
pensions of the spores of B. para-alvei {Q), B. orpheus and of a recently 
described bacillus (Culture 1)(4) were prepared similarly to those of B. 
edvei. The strain of Streptococcus apis employed was a gelatin liquefier 
{S. Uquejadens) isolated from & larva affected with European foul brood. 
The method of preparing and inoculating experimental nuclei was the 
same as that previously described (5). A De Yilbiss No. 15 atomizer 
(sterilizable) was used for spraying suspensions of bacteria over develop- 
ing brood. Since the causal organism of European foul brood has not 
been isolated, the presence of the disease in inoculated nuclei was 
diagnosed by the external appearance of affected larvae and by a 
microscopical examination of a number of them. In experiments in 
which a modification of the disease was induced by spraying suspensions 
of certain of the secondary invading micro-organisms [BaciUus para-akei, 
B. orpheus, etc.}, diagnosis involved both a microscopical examination of 
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S6V6rftl iDfsctdd larvae, and the isolation of the secondary invading 
organism from one of them. 

Suspensions of S. pliUon for infection experiments were made by 
removing, with aseptic precautions, the intestines from a large number of 
apparently healthy or very slightly affected larvae taken from brood 
combs of colonies badly affected with European foul brood. Almost 
invariably a small proportion of these contain B. pluton in apparently 
pure culture (as shown in Figs. 1-3); and a fairly uniform suspension of 
the organism can be obtained by triturating the whole* intestine, or 
portions of it, in sterile Mjb phosphate buffer pH 7-2. The approximate 
number of vegetative cells in such suspensions can be estimated by 
means of a Thoma haemocytometer slide. 

The examination of large numbers of apparently healthy or slightly 
affected larvae from colonies affected with European foul brood has 
shown that B. pluton occasionally occurs in the first named group, and is 
invariably present in the latter. Bacterium eurydice is usually the next 
organism to appear, and as the disease advances such bacteria as 
Streptococcus apis, Bacillus alvei or other putrefactive organisms are 
most prevalent. 


Attempts to cultivate Bacillus pluton 

Material for the attempted isolation of this species must be derived 
from very recently infected larvae in which the organism occurs in 
apparently pure culture in the intestinal tract. Occasionally, apparently 
uncontaminated suspensions of B. pluton are obtained and, in such cases, 
no multiplication of the cocci occurs. More frequently, however, a few 
cells of Bacterium eurydice are present in such preparations and, although 
they are not noticed on microscopical examination, these soon multiply 
and obscure the cocci. Media commonly employed in cultivating the 
bacteria associated with brood diseases (6, 8), when used with or without 
the addition of broad filtrate (8), would not support growth of Bacillus 
pluton. Royal jelly ’’ alone (which is practically sterile bacteriologically) 
and sterile Seitz filtrates prepared from neutralized extracts of this 
substance were tried without success. Tryptic digests or autolysates of 
whole drone or worker larvae (prepared over chloroform), or similar 
preparations made from washed larval intestines alone, would not sup- 
port growth either anaerobically or aerobically. In these experiments a 
pH of 7*0-7*2 was usually employed, but lower pH values have proved 
equally unsuitable. Since most of these media were sterilized by means of 
a Seitz filter it is possible that some essential growth factor was removed. 
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It was previously showu(5) that £. aim and Streptococcus apis would 
grow in 3-4-da7S-old larvae when fed to them, and the possibility that 
Bacillus pluton could be cultivated in this manner was considered. 
However, when relatively large doses of B, pluton from the intestines of 
infected larvae were fed to healthy S-4-days-old larvae, no growth 
occurred. B. pluton organisms could, microscopically, be demonstrated 
readily in the stomachs of the recently fed larvae, but they rapidly 
decreased in numbers and in most cases practically or entirely disappeared, 
the larvae djring and autolysing, occasionally with no visible bacteria in 
their intestinal tracts, but more frequently with numbers of cells of 
Bacterium eurydice. This finding is not entirely unexpected since 3-4-day- 
old larvae possess a strong bactericidal mechanism (5), frequently de- 
stroying vegetative cells of Streptococcus apis and spores of Bacillus 
alvei, especially when moderate doses of these organisms are fed to them. 
It seems probable that B. pluton is a strict parasite, is introduced into 
very young larvae by the bees, perhaps at the time of hatching from the 
egg, and that once established it multiplies rapidly in the intestine, 
probably being localized in the peritrophic membrane, where a delicate 
balance of nutrients favouring its growth is reached. 

The production of European foul brood with suspensions 
of Bacillus pluton 

In order to confirm and extend the results of previous experiments ( 5 ) 
attempts to produce European foul brood were made by spraying very 
heavy * suspensions of the vegetative cells of Streptococcus apis and 
Bacterium eurydice, and the spores of Bacillus alvei and B, para-alvei, 
over the developing brood of healthy nuclei early in the brood-rearing 
season. Disease was not initiated in any of these experiments. On the 
other hand European foul brood was again produced with Streptococcus 
apis and Bacillus alvei employing the starved larva technique previously 
described ( 5 ). The following experiments show that relatively small doses 
of B. pluton organisms, obtained from the intestines of affected larvae, 
will readily induce European foul brood early in the brood-rearing 
season. 

Exp. 1. 

The intestines of three recently infected, apparently healthy larvae, in which 
B, pkUon occurred in apparently pure culture, were triturated with 25 ml. of sterile 
if/6 phosphate buffer pH 7*2. The resulting fairly uniform suspension of bacteria, 
together with a certain amount of cell debris, was centrifuged for 15 min, in order to 
concentrate most of the bacterial cells. The supernatant fluid (a), which was almost 
free from bacterial cells, was carefully decanted, and the precipitate (6), containing 
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most of tho JB. phiion orgamsms, was suspended in 25 ml. of the above phosphate 
buffer. Two different nuclei were inoculated with these suspensions as follows: 

Nucleus 1. Eggs and stores; young larvae and sealed brood; eggs and young 
larvae (inoculated). 

Inoculum, The eggs and young larvae in the comb indicated were sprayed with the 
supernatant liquid (a). 

Dale of inocidcUion, 10 July. 

Results, Examination of the brood 3, 0, 12, 17, 19, 26, 41 and 57 days after 
inoculation revealed no infected larvae. 

Nucleus 2. Eggs and stores; eggs and young larvae (inoculated); eggs and stores. 

Inoculum, The above suspension (b) containing approximately 72 x lO'^ cells of 
B, was sprayed over the developing brood of the comb indicated. 

Date of inocukUion, 10 July. 

Results, 3 days: Five infected larvae seen in the inoculated comb; all showed large 
numbers of B, pluton cells in their intestines and Bacterium eurydke as well. 6 days: 
Ten infected larvae removed; all showed Bacillus pluion and small rod-shaped cells 
of Bacterium eurydice in their intestinal tracts. Subsequent examinations 12, 17, 19 
and 26 days after inoculation revealed very largo numbers of infected larvae. The 
nucleus was used for Exp. 4 {vide infra). 

This experiment shows that cell free extracts prepared from intestines of larvae 
affected with European foul brood do not cause the disease, while the cells of BaciUus 
pluton soon cause infection. These results substantiate those of previous experiments 
which indicated that a filterable virus is not implicated as etiological agent in this 
disease (5). 


Exf. 2. 

A fairly uniform suspension of B, pltUon cells in M/5 sterile phosphate buffer, 
containing approximately 98 x 10* organisms per ml., was prepared as previously 
described, and the bees of three different nuclei were fed various amounts in 30 ml. of 
syrup as follows: 

Nudeus 1. Eggs and young larvae; eggs and young larvae. 

Inoculum, Approximately 98 x 10* cells of B, pluton were fed to the bees. 

Date of inoculation, 25 June. 

Results, No diseased larvae were seen on examination of tho brood 6, 7, 12, 18, 21, 
32, 41 and 56 days after inoculation. 

Nudeus 2. Eggs and stores; eggs and young larvae; eggs and young larvae. 

Inoculum, Approximately 490 x 10® cells of B, pluton were fed to the bees. 

Date of inoeulalion, 25 June. 

Results. 6, 7 and 12 days; No infected larvae seen. 18 days: Two affected larvae 
se^ a nd examined. Both were fuU of B, plulon organisms and also Bacterium eurydice. 
21 days: The bud spread rapidly and ten affected larvae were counted in two 

brood combs. Six of those examined showed BaciUus plvion cells and varying numbers 
of Bacterium eurydice organisms in their intestines. The nucleus was subsequently used 
for |Sxp. 5 (vide infra), 

Nudeus 3. Eggs and stores; eggs and young larvae; eggs and young larvae. 

Inoculum, Approximately 980 x 10® cells of Bacillus pluton were fed to the bees. 

Date of inoculation, 25 June. 
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SeavUs, 6» 7 and 12 days: No infected larvae seen* 18 days; Four infected larvae 
were removed from their oells. All had numbers of B, pbtJUm cells in their intestines 
and variahle numbers of Bacterium eurydiee organisms. 21 dayax Five infected larvae 
examined; all had large numbers of BadUua pkUon cells in their intestinal tracts, and 
some Bacterium eurydiee cells. Further examinations 27 and 32 days after inoculation 
revealed lai^e numbers of infected larvae, but the disease became less noticeable and 
dnally almost disappeared toward the end of the brood-rearing season. 

The results of the above experiment are interesting for they indicate that, as in 
the case of American foul brood (8), a relatively large inoculum of the causal organism 
is required to initiate the disease in healthy nuclei. 

Modifications of European foul brood induced by spraying cultures 
of certain of the secondary invaders occurring in the disease over the 
developing brood of nuclei infected with Bacillus pluton 

Exp. 3. 

Ntuieus, Stores; young larvae and sealed brood; eggs and young larvae (inocu- 
lated); eggs and stores. 

Inoeuhm. 30 ml. of a suspension containing approximately 48 x 10^ cells of E. 
pluUm and 30 x 10* spores of B. para-alvei in M/5 phosphate buffer pH 7*2 were sprayed 
over the eggs and young larvae in the comb indicated. 

Date of inocuhtion, 6 July. 

Results, 4 days : Three of seven diseased larvae noticed in the inoculated comb were 
examined and all showed masses of B, pluton organisms and some Bacterium eurydiee 
cells in their intestinal tracts. 10 days: Three of eight diseased larvae seen were 
examined, and all had the same appearance as noted above. 16 days: The queen had 
been killed (supersedure); every comb showed large numbers of slimy decomposing 
larvae which gave off a very foul odour. Ten of these were examined. The more 
recently infected larvae showed chiefly BaciUus pluton and Bacterium eurydiee 
organisms, but the veiy slimy evil-smelling ones contained chiefly sporulating rods of 
BacUlm para-alvei and had a rather reddish tinge. A pure culture of B. para-alvei 
was isolated from one of them. 20 days: The bees had removed most of the dead 
larvae and scales as the nucleus was queenless. Three reddish, foul-smelling, sticky 
scales of dead larvae were found, and these contained B, para-alvei in almost pure 
culture. 


Exp. 4. 

Nucleus 2 (Exp. 1) was used, and had been affected with European foul brood for 
at least 23 days. 

Inoculum, The centre comb containing plenty of eggs, young larvae and affected 
brood was sprayed with 25 ml. of an aqueous suspension containing approximately 
31 X 10* B, orpheus spores. 

Date of inoculation, 29 July. 

Results, 7 days: A large number of moist, decomposing, light brown rather 
“ butteiy ** larvae were present in all three brood combs. Four of these were examined; 
Three of them showed large numbers of vegetative cells and sporulating rods of B, 
orpheus in addition to B, pluton cells, and the fourth showed chiefly B, alvei rods and 
spores. A pure culture of B, orpheus was isolated from one of these larvae. 18 days : 
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Ten of a very large number of infected larvae seen were examined. Four of these 
were recently infected and showed chiefly B, plukm and Bacterium eurydke; three 
were light brown and rather “buttery” and contained numbers of BaciUua arphem 
spores and vegetative cells; and three were brown, slimy and evil smelling and con- 
tained chiefly B. alvei vegetative cells and spores. The disease soon became less 
serious and by the 36th day following inoculation with B. orpheua no infected larvae 
could be seen. In the “buttery” larvae in which B, orpheus was principal auxiliaiy 
putrefactive agent the smell emitted was only slight in comparison with those in 
which B, alvei was the most prevalent secondary invader. 

Exp. 6. 

Nucleus 1 of Exp. 2 in which European foul brood had previously been initiated, 
was employed. 

Inoculum, 20 ml. of a suspension containing approximately 27 x 10^^ spores of a 
bacillus previously described (“Culture 1 ”)(4) were sprayed over the developing brood 
in one comb which already contained some larvae affected with European foul brood. 

Dale of inoculation, 16 July. 

BestiUs, 6 days: A large number of affected larvae were seen. Three recently 
infected larvae examined showed chiefly B, pluton and Bacterium eurydice cells in 
their intestinal tracts. Two slimy, brown decomposing larvae contained large numbers 
of spores and vegetative cells of “Culture 1” in their tissues. A pure culture of this 
bacillus was isolated from one of them. 11 days: Large numbers of slimy, brown 
larvae: Five of these on examination showed quantities of spores and vegetative 
cells of “Culture 1”. Subsequent examinations of the brood 20 and 28 days after 
inoculation revealed numbers of infected larvae, many of which contained chiefly 
spores and vegetative cells of the introduced bacillus. Larvae in which this organism 
constituted the main putrefactive agent gave off only a relatively slight odour. 

Exp. 6. 

Nucleus, Stores; young larvae and sealed brood; young larvae and sealed brood; 
eggs and young larvae (inoculated); eggs and sealed brood. 

Inoculum, The eggs and young larvae in the comb indicated were sprayed with 
20 ml. of a suspension containing approximately 78 x 10’ Bacillus phUon organisms 
and 134 x 10* cells of Streptococcus apis. 

Dale of inoculation, 4 July. 

Results, 3 days : Twelve affected larvae were noticed in the inoculated comb. Six 
of these were examined and all showed Bacillus pluton and Streptococcus apis cells and 
a variable number of small rod-shaped cells of Bacterium eurydice. Two of these had 
become yellow and of, pasty consistency. 9 days: The disease had spread rapidly. 
Ten infected larvae including three drone larvae were examined. All of these contained 
Bacillus pluton and Bacterium eurydice cells and four of them showed large numbers of 
Streptococcus apis ceUs as well. 32 days: Large numbers of infected larvae were stiU 
present. Two of six examined showed numbers of 8, apis cells in addition to Bacillus 
pluton and Bacterium eurydice. In this experiment the decomposing larvae, whether 
Streptococcus apis was present or absent, only gave off a slightly sour smeU as of the 
“Sauerbrut” type of European foul brood. 

The results of the above four experiments show that the appearance and odour of 
dead larvae in European foul brood is markedly affected by the presence of different 
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seoondaiy invaders* Hins BaciUua alvei, which is the tisual putrefactive agent, causes 
the larvae to become brown, slimy and evil smelling. B, pofO’-alvei causes somewhat 
similar symptoms except that the larvae become rather red*brown in colour and emit 
a much more nauseating and more penetrating putrefactive odour. B, orpheut pro- 
duces a somewhat buttery*' larva, rather light brown in colour, and only a slight 
odour results. The other bacillus studied caused a markedly slimy putrefaction of the 
affected grubs, which became dark brown in colour, but did not give off more than a 
slightly unjdeasant odour. Streptoooccue apis is associated with a type of disease which 
simulates the so-called **Sauerbrat*’. 

Trammmion of European foul brood by aduU bees 

Several attempts have been made to determine how European foul 
brood is carried by the bee. Bees usually remove larvae sick or dead of 
this disease by sucking the infected material from the cells; hence one 
would expect to find large numbers of bacteria in the intestinal tracts of 
nurse and house-cleaning bees in affected colonies. This has been found 
to be the case, for bees taken from combs containing large numbers of 
affected larvae have quantities of bacteria in their rectal ampullae. 
Usually, secondary invaders are most prominent, notably Bacillus alvei 
and Bacterium eurydice, but Bacillus pluton organisms are frequently 
present though, usually, they constitute a minority. The bacteria are 
invariably localized in the rectum, few or no bacteria being seen in the 
honey stomach, ventriculus or small intestine. It appeared possible that 
B. pluton might be carried in the pharyngeal or salivary glands of the 
bee. However, microscopical examinations of pharyngeal, mandibular 
or salivary glands of nurse and house-cleaning bees taken from colonies 
heavily infected with European foul brood have rarely shown any 
bacteria and never B. pluton. The following infection experiments show 
that B. pluton can exist in virulent form in the gut of the adult bee, and 
that crushed pharyngeal, mandibular and salivary glands of bees 
removed from affected colonies do not produce disease. 

Exp. 7. 

Nvdefus, Eggs and young larvae; sealed brood; sealed brood; eggs and young 
larvae (inooulated); sealed brood and stores. 

Inoculum, The reotal ampullae and their contents from six nurse or house-cleaning 
bees from a colony badly affected with European foul brood were triturated in 10 ml. 
of distilled water and the suspension was ffltwed through sterile cotton-wool in order 
to remove the coarser particles of cell debris. The resulting suspension which, on mioro- 
Boopioal examination, showed B, phUon organisms together with quantities of vege- 
tative cells of Bacterium eurydice and spores and vegetative oeUs of BaeUhs alvei, was 
sprayed over the eggs and young larvae in the comb indicated. 

DaU of inoculation, 16 June* 
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RiiuUs, 3^ 7 dud 12 days : No diseased larvae seen. Some queen cells observed on 
the 12th day. 21 day9: Had swarmed recently and was queenless; eggs still present. 
Fifteen affected larvae counted in one comb and a few noticed in each of the four 
remaining combs. Six of these showed B. pltUon and the usual secondary invaders on 
examination. 25 days: Large numbers of infected larvae; Seventy-eight sick or dead 
grubs counted in the most badly affected comb. Five of these on examination showed 
the usual secondary invaders and pluUm, Many of the larvae were brown, slimy 
and evil smelling and contained quantities of the spores and vegetative cells of B. 
alvei* Three queen cells which were present were examined, and a coiled larva affected 
with European foul brood was found in one of them. The nucleus was destroyed. 

Exf. 8. 

Nudeua, Young larvae and sealed brood; foundation; eggs, young larvae and 
sealed brood; eggs and young larvae (inoculated). 

Inoculum* The pharyngeal, post cerebral, mandibular and thoracic salivary glands 
from ten nurse and house-cleaning bees from a colony badly affected with European 
foul brood were removed and triturated with 20 ml. of sterile brood filtrate (1:3), 
and the resulting suspension was sprayed over the comb indicated. 

Date of inocidalion* 10 June. 

ReauUs. Careful inspection of the brood 4, 7, 17, 23, 46 and 61 days after inocu- 
lation revealed no diseased larvae. 


Discussion 

There can be little doubt that European foul brood is a single disease 
caused by an organism (or organisms) which has so far resisted all 
attempts at cultivation in vitro: the so-called B* pluton of White. This 
name, though the generic term is unsuitable, must be retained until the 
organism is cultivated. The species of lactic acid streptococci commonly 
designated Streptococcus apis do not always occur in larvae affected with 
European foul brood, and can be distinguished morphologically from 
Bacillus pluton which invariably occurs in such larvae. There is no 
reliable evidence which indicates that B* pluton is in any way related to 
these lactic acid streptococci. 

Various modifications of European foul brood can be induced by 
introducing certain of the organisms occurring as secondary invaders in 
different forms of the disease (B* para-alvei^ B* orpheus, Streptococcus 
apiSf etc.) into colonies of bees which have been infected either simul- 
taneously or previously with Bacillus pluton* The pronounced differences 
which have been observed with respect to smell, appearance and con- 
sistency of dead larvae in different cases of European foul brood, must be 
attributed to the presence of these auxiliary putrefactive bacteria. The 
fact that these secondary invaders are so variable in form and occurrence, 
makes it practically impossible to accept any theory that European foul 
brood is caused by a pleomorphic organism which can assume the form 
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of one or more of ttem. So far, no evidence has been obtained which 
suggests that JJ. pluton multiplies elsewhere than in the intestines, and 
probably in the peritrophic membranes, of very young larvae. The 
organism occurs in virulent form in the rectal ampullae of nurse and 
house-cleaning bees taken from colonies affected with European foul 
brood, but whether it exists for more than a brief time in this location is 
not known. Certainly it does not appear to multiply in the intestines of 
such bees, nor does it appear to be present in their pharyngeal, mandi- 
bular or salivary glands. Pericystis apis, the causal organism of Chalk 
brood, is frequently present in healthy colonies of bees and probably 
develops as soon as favourable conditions arise (2, 3), and it may be that 
the same is true of Bacillus pluton. The fact that European foul brood 
has been induced in healthy colonies of bees by the starved larva 
technique (5) supports this contention. Since the disease so frequently 
appears in weak colonies of bees in the spring it seems possible that B. 
pluton is indigenous to healthy colonies, and develops under suitable 
conditions. However, all attempts to induce European foul brood in 
healthy nuclei by artificially weakening them by removing sealed brood 
and young bees and introducing eggs and very young larvae from healthy 
colonies in their place, have failed. It is possible that success was not 
attained because the experiments were carried out somewhat after the 
peak of the brood-rearing season when the disease naturally decreases in 
severity. The results of experiments not recorded here have verified 
those previously made in which it was found that queens from colonies 
affected with European foul brood do not carry the disease when intro- 
duced into healthy nuclei. 

Our knowledge regarding the cause of European foul brood cannot 
advance appreciably until B. pluton has been cultivated and, so far, all 
attempts to do this have failed. It is possible that the organism will grow 
on living tissues (tissue cultures),^ and this possibility must be investigated. 
The fact that attempts to grow the organism in the intestines of 3-4-day- 
old starved larvae have also failed suggests that it is a very strict 
parasite which will be extremely difficult to cultivate. 

Summary 

Evidence has been submitted which supports the theory that 
European foul brood is a single disease caused by BadUus pluton White. 

The course of the disease can be modified by introducing cultures of 
certain secondary invading bacteria into colonies of bees infected with 
B. pluton. 
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A certain “nuuss inoculum” of B. plutm organisms is required to 
induce the disease in healthy colonies. 

The causal organism is present in virulent form in the rectal ampullae 
of young bees in affected colonies, but does not appear to exist elsewhere 
in the bee or to multiply in its intestinal tract. 

It appears as if B. pltUon is a strict parasite which will only multiply 
in the intestines of young larvae. 
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EXPLANATION OF PLATE XXXIX 

(AU phatographs xl200) 

Fig. 1. BacUlue jphUon in the intestine of a larva recently infected with European foul 
brood. This larva was apparently healthy and about 3 days old. The organisms are 
embedded in a fold of membrane: this is probably a portion of the peritrophio membrane. 

Fig. 2. B* pulton in the intestine of an apparently healthy larva about 3 days old. There 
appears to be a transition from the rather rod^shaped organisms, occurring ohiefiy in 
pairs and short chains, to the single, lanoeolate^shaped cocci so characteristic of larvae 
in which the disease has become slightly more advanced. 

Fig. 3. pltUon in apparently pure culture in the intestine of a larva about 4 dayr old. 
These lanceolate-shaped cocci rarely occur in pairs at this stage, and are usually 
single and grouped together as shown. 

Fig. 4. B. j^iUon in the intestine of a 4-day-old larva affected with European foul brood. 
A few smaU rods of BaeUrium eurydice are beginning to appear. Note particularly 
the typical lanceolate-shaped cells which vary greatly in sise. 

Fig. 5. BadUiu pluUm and Streptococcus apis occurring together in a 4-day-old larva 
affected with European foul brood. The small group of lanceolate-shaped Bacillus 
pluUm organisms can be distinguished from the rather spherical cells of Streptococcus 
apis* A few Bacterium eurydice rods are also present. 

Fig. 6 . BaciUus plidon and Streptococcus apis occurring together in the intestine of a 4-day- 
old larva affected with European foul brood. Note the two types of bacterial cell 
which might readily be confused at first sight. The cells of BaciUus pluUm are char- 
acteristically lanceolate-shaped: those of Streptoccocus apis are almost spherical. A 
few small rods of Bacterium eurydice are also present. 

Note. All attempts to cultivate the cocci from the stomachs of the larvae used in making 
the preparations from which Figs. 1-4 were taken failed, while Streptococcus apis grew 
readily from the larvae employed in making the preparations for Figs. 1-6. 


{Received 6 November 1936 ) 
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ADDLED BROOD OF BEES 

By H. L. a. TARR 

Rothamsted Experimental Staiion, Harpenden, Herts 
(With Plates XXVIII and XXIX) 

Throughout the past few decades there have been numerous references 
in the German literature to ‘‘Kitaubheit’’ (addled egg disease), a disease 
in which fertile queen bees lay eggs which never develop into larvae. 
This disease has also been observed in England. The pertinent literature 
has been reviewed briefly by Buttcl-Reepcn (3) and Leuenberger(6), while 
Fyg, in recent articles (4, 5), has provided a fairly exhaustive resume of the 
subject. Only the most important features of this anomaly will be dis- 
cussed here, special reference being made to its apparent relationship 
with addled brood. 

Many years ago it was shown that the queen is directly responsible for 
the condition known as Eitaubheit, and that the failure of the eggs to 
mature is certainly not due to a lack of attention by the nurse-bees of the 
colony. In most cases an embryo forms in such eggs but dies just prior 
to the normal time of hatching. All attempts to demonstrate any 
anatomical abnormality in queens laying addled eggs (Taube eier) have 
failed : their reproductive organs appear quite normal, and their sperma- 
theca are full of active sperms. Eggs laid by defective queens in drone 
cells also fail to develop, and, since it is presumed that these have not 
been fertilized, it has been inferred that the queen is directly responsible 
for producing the defective eggs, and that the sperm plays no direct 
part. However, recent rather ingenious experiments by Fyg(^'’) have 
somewhat upset this hypothesis. He discovered that, after chilling for 
16| hours at 0-2° C., a queen affected with Eitaubheit laid some eggs in 
drone cells which yielded normal drones. His results led him to suggest 
that inseminated eggs alone are addled, for chilling in this manner usually 
kills about half the sperm cells in a queen’s spermatheca. It would seem 
possible that the fertilized eggs were addled and the unfertilized ones 
developed into drones. The true cause of Eitaubheit remains to be 
determined. 

Writings referring to addled brood have been far less numerous than 
those dealing with addled eggs. In a book published in 1928 Leuen- 
herger (6) described a case of Eitaubheit in which some of the eggs hatched, 
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but in which the few unsealed and sealed larvae developmg from them 
died prior to reaching maturity. This appears to have been a mixed 
case of addled eggs and addled brood. It is impossible to say whether 
Leuenberger noticed this case prior to 1924 when Anderson(i), working 
in Scotland, first described addled brood; but it is fairly certain that 
both investigators worked independently. In the cases studied by 
Anderson the sealed brood was attacked, the larvae dying subsequent to 
pupation. The bodies of the dead larvae were pigmented, the chitin was 
hardened, the claws and saetae were well developed and the wings still 
encased. Frequently the cappings over the dead brood became so sunken 
that, superficially, the disease might have been mistaken for American 
foul brood. The cases of addled brood described by Anderson were 
extremely severe, for frequently not a single bee emerged. In certain of 
these cases it was observed that a number of eggs failed to hatch, and this 
might be taken to indicate that such queens were suffering from Eitaub- 
heit as well as addled brood. Anderson & Keith (2) showed that the queen 
was directly responsible for producing addled brood by exchanging 
queens from healthy and affected colonies of bees. In one case in- 
vestigated, though most of the brood failed to emerge, a few bees suc- 
ceeded in doing so, but these never matured properly and were quite 
unable to fly, crawling about as if diseased. 

Since the writer commenced studying brood diseases in 1934 a very 
large number of brood combs containing dead larvae have been examined, 
and in many of these the disease did not correspond with any of the well- 
recognized brood diseases. The appearance of the dead brood in such 
samples was described previously as “ uncertain ’^(S), and more recently, 
when it became apparent that the disease was closely similar to that 
described by Anderson, as addled brood (lO). Moreaux(7), working in 
France, recently described a case of addled brood. He found that both 
drone and worker brood were affected, that many of the bees which did 
succeed in emerging were not properly developed and could not fly, and 
that the queen, on dissection, showed no abnormality. 

Diagnostic features 

In the writer’s experience addled brood is a disease the seriousness of 
which varies greatly; a colony may only be slightly affected or markedly 
weakened, depending on the amount of sealed brood affected. The disease 
appears to be most pronounced at the peak of the brood-rearing season, 
but whether the actual proportion of affected to healthy pupae is greater 
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at this time is not known. Addled brood is certainly widespread in 
England, and it is not unusual for it to be mistaken for “foul brood” by 
inexperienced workers. The appearance of brood combs taken from 
affected colonies is shown in PL XXVIII, figs. 1 and 2, and a description 
of the dead brood follows. 

The larvae normally die in the pupal or prepupal stage, that is to 
say, subsequent to sealing. Combs of sealed brood taken from affected 
stocks frequently exhibit a “pepper-box” appearance similar to that 
seen in cases of American foul brood. The affected larvae assume just 
such an appearance as might be expected if they had never been com- 
pletely nourished, and had, therefore, failed to reach maturity and had 
consequently died and undergone autolysis. The dead prepupal larvae 
are soft and moist, and can only be removed intact from their cells witli 
great difficulty. They are frequently greyish in colour, and as they dry 
rather moist, slightly sticky, brown scales form; but these are never as 
sticky and adherent as American foul brood scales. Normally there is no 
pronounced odour, though some of the decomposing larvae may give off 
a faint, not unpleasant, acid aroma. One of the most outstanding 
characteristics of the complaint is that pupae and bees almost ready 
to emerge from their cells die. In such cases the pupae are frequently 
small in size, the abdominal parts being especially restricted. The bees 
usually attempt to remove the dead pupae, removing the cappings and 
chewing the larval remains. Frequently dead pupae can be seen thrown 
out on the alighting board of the hive, or lying on the ground. Affected 
larvae are normally sterile, or almost sterile, bacteriologically, though 
occasionally small rod-shaped bacteria similar to White’s Bacterium 
eurydice can be seen in the remains of dead pupae. The appearance of 
addled drone and worker pupae is shown in PL XXIX, figs. 3 and 4. 

Experimental 

Nuclei of hybrid bees, prepared as previously described (9), were 
employed in the experiments. Queens were introduced by the usual 
travelling cage method, the nuclei being left for one or two days in a 
queenless condition prior to the introduction. The usual form of describing 
experiments and their results has been adopted (9). 

Experiment 1 

Nucleus, Stores ; eggs and young larvae ; introduced comb containing 
very large numbers of autolysing addled pupae; eggs and young larvae; 
stores. Queen present. 
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Inocvlum. One brood comb containing very large numbers of addled 
pupae which had been sent to the laboratory for purposes of diagnosis. 

Date of in(H)ukU>ion, 28 June. 

Restdts. 3 days: Practically all dead pupae had been removed from 
the introduced comb by the bees, and eggs were present in many of the 
cells. 1 1 days : Large areas of sealed brood on the introduced comb ; a very 
few addled pupae still present. No affected larvae in adjacent combs. 
16 days: Only one dead pupa seen in the introduced comb; healthy 
sealed brood in all other combs. Examinations 19, 27 and 36 days after 
the introduction of the comb containing the dead pupae revealed no 
disease. After 36 days two combs of sealed brood were removed and 
replaced with foundation to prevent overcrowding. Subsequent ex- 
aminations after 68 and 78 days revealed no dead brood. The nucleus 
was wintered successfully and was examined on 28 April of the following 
year with the result that no addled pupae were seen. 

Experiment 2 

Nucleus. Stores; eggs and young larvae; introduced comb containing 
large numbers of dead pupae (addled brood); eggs and young larvae; 
stores. Weak in bees. Queen present. 

Inoculum. A comb, similar to that used in Exp. 1, which had been 
sent to the laboratory. 

Date of inoculation. 28 June. 

Results. 3 days: A large number of dead pupae removed from the 
introduced comb, some still remaining. Eggs in many of the cells. 
11 days: Some dead pupae still present in the introduced comb, none in 
the adjacent combs. 15 days: A few addled pupae still present in the 
introduced comb, but none in the adjacent comb. Weak in bees. 17 days: 
All the dead pupae removed from the introduced comb and no dead 
larvae seen in any brood comb. Subsequent examinations 19, 27, 35, 
68 and 78 days after the introduction of the comb containing addled 
brood revealed no diseased larvae. 

The results of these two experiments may be taken as evidence in 
support of the fact that addled brood, unlike the other brood diseases, is 
not contagious. Additional experiments which have not been reported 
here have confirmed this fact. 

Experiment 3 

Nucleus. Empty drawn comb; eggs and young larvae; eggs, young 
larvae and sealed brood; eggs and young larvae; stores. 

Queen introduced. A queen which was producing addled brood in 
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small amounts, but not seriously, was obtained from an outside apiary 
in which the trouble had been prevalent for at least 2 years. 

Date of introduction. 1 May. 

Results. 2 days*. Queen not liberated. 9 days: Eggs and young larvae. 
38 days: Brood on five combs but no addled pupae seen. 46 days: no 
addled pupae observed. 53 days: Large numbers of addled pupae noticed 
in all five combs. Two combs of sealed brood removed and one drawn 
‘‘drone” comb and one comb containing eggs and very young larvae 
from a healthy nucleus were added. 63 days: Many young larvae and 
eggs in the drone comb. Healthy sealed brood in the comb of young 
larvae and eggs which had been added. The remaining three combs 
showed numbers of addled pupae. 76 days: A very even comb of sealed 
drone brood present, and only one addled pupa seen in it. No addled 
pupae seen in the comb of eggs and young larvae which had been intro- 
duced though most of the brood had emerged and eggs and young larvae 
were present in the comb. Addled pupae in the other two combs which 
contained brood. 79 days: Many drones emerged, or emerging, from the 
drone comb. This comb was removed, and was found to contain a 
number of addled pupae, many in capped cells and a few in cells from 
which the bees had removed the cappings. Thirty-five addled drone- 
pupae were counted (see PI. XXIX, fig. 3). 83 days: Breeding had 
slowed down but some addled pupae were still present in the combs of 
sealed brood. 

This experiment is of interest in that it shows that addled brood is 
caused by the queen, may exist in a form mild enough not to visibly 
affect the strength of the colony, will persist through the brood -rearing 
season, and affects drone as well as worker brood. Eggs and young 
larvae from a healthy nucleus were raised normally by the bees of the 
nucleus in which the queen was producing addled brood. 

Experiment 4 

Nmleus. Queenless. Made by taking three combs of brood (chiefly 
sealed) and bees from a healthy colony. 

Queen introdueed. A queen which was producing addled brood was 
obtained from a colony in the home apiary, Rothamsted. 

Date of introduction. 18 June. 

Results. 4 days: Queen not liberated. 14 days: Eggs and young 
larvae in three combs, and a little sealed brood. No addled brood seen. 
29 days : A number of dead pupae in two combs of sealed brood. 40 days : 
A large number of addled pupae in three combs of sealed brood. 48 and 
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52 days : Numerous addled pupae in all three combs of brood : the nucleus 
was rather weak in bees. Dequeened the nucleus, caging the queen with 
twelve young worker bees (used in Exp. 5). One comb was removed and 
photographed (PL XXVIII, fig. 1). 63 days: Introduced a queen taken 
from a healthy nucleus with perfect sealed brood. 61 days: Eggs and 
very young larvae in the centre comb, all the brood of the last queen 
either emerged or cleaned out by the bees. 68 days: Sealed brood in 
centre comb, no addled pupae seen. Subsequent examinations 76 and 
84 days after the commencement of the experiment revealed no addled 
brood. 

Experiment 5 

Nucleus. Sealed brood and eggs; eggs, young larvae and sealed 
brood; eggs and young larvae. 

Queen introduced. The queen which had produced addled brood in 
Exp. 4. 

Date of introduction. 9 August. 

Ee.suk.s. 8 days: Eggs and very young larvae from the introduced 
queen present. No addled brood seen. 15 days: Sealed brood in two 
combs, four addled pupae seen. 22 days: Abundant addled pupae in 
two combs and several of these partly removed by the bees. 30 days: 
Breeding very slowly and united for winter with a queenless nucleus. 
Only a few affected pupae seen in one comb. 

These two experiments show that addled brood is produced by an 
affected queen throughout the brood-rearing season even when she is 
transferred to two different nuclei. Kequeening an affected nucleus with 
a healthy queen causes the disease to disappear. 

Experiment 6 

Nucleus, Queenless; three combs with a little sealed brood and bees. 

Qusen introduced. A queen which had headed a colony of bees from 
which a sample of addled brood (a fairly severe case in which most of 
the sealed brood was affected) had been sent to the laboratory for 
diagnosis. 

Date of introduction. 1 July. 

Results, 6 days: Eggs present. 16 days: One comb of sealed brood 
containing very large numbers of addled pupae, many of which had been 
chewed and partly removed by the bees. 21 days: Addled brood very 
marked, a large number of affected pupae in all combs containing sealed 
brood. 36 days: Breeding more slowly and addled brood not so notice- 
able as previously. 40 days: Addled brood still present but less marked. 
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One comb removed and photographed (PI XXVIII, fig. 2). Pupae 
affected with addled brood were carefully removed from this comb and 
photographed (PL XXIX, fig. 4). 49 and 63 days : Breeding slowly, only 
a few affected pupae seen. 

Experiment 7 

Nucleus a. Eggs and sealed brood; eggs and sealed brood; sealed 
brood; stores. Addled brood present in fairly large amount. Queen 
mated in 1936 and addled brood was noticed in the first sealed brood 
reared from her eggs. 

Nucleus b. Eggs, young larvae and sealed brood ; sealed brood ; young 
larvae and sealed brood. No addled brood present and queen apparently 
normal. 

The queens from both nuclei were removed on 15 July and, after 
24 hours, were interchanged. 

Results, Nucleus a, 12 days: Only a few addled pupae remaiiu^d, eggs 
and young larvae from the introduced queen present. 20 days: No 
diseased larvae seen; eggs, young larvae and scaled brood in abundance. 
Subsequent examinations after 32, 46 and 51 days revealed no addled 
brood. 

Nucleus b, 20 days: Breeding slowly, some addled pupae* presiuit. 
32 days: Only a few addled pupae seen. 47 days: One comb contained a 
large number of affected pupae, and another comb contained a few. 
55 days: Only two addled pupae seen; united for the winter with a queen- 
less nucleus. 

The results of these experiments may be looked upon as additional 
evidence in support of the fact that addled brood is produced by a 
defective queen, and that recently mated queens will produce the 
disease. 


Discussion 

Though the superficial cause of addled brood is a d(*fective queen, the 
fundamental cause remains to be determined. The complaint seems similar 
to addled egg disease, but whether the underlying cause of both diseases 
is the same is not known. From the fact that both anomalies have been 
observed simultaneously in the same colonies of bees it might be inferred 
that there is some relationship. Addled brood may be hereditary, the 
queen possessing some lethal factor, or she may suffer from some in- 
fectious disease or from some pathological abnormality. These and other 
questions relating to this disease remain to be determined through 
practical experiments. 
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SUMHABY 

Addled brood is produced by defective queen bees and is not of a 
contagious nature as are the other conunon brood diseases. 
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EXPLANATION OF PLATES XXVIII AND XXIX 

{Photographs by V. Stansfield) 

PLATE XXVIII 

Fig. 1. Comb showing addled brood: the cappings over the dead pupae have boon removed 
by the bees in most cases and they can readily be seen. Very young larvae can be 
seen in the open cells. This comb was obtained from the nucleus used in Exp. 4 on 
8 August, and at this time usually there are much fewer dead pupae than at the peak 
of the brood-roaring season. 

Fig. 2. A comb containing addled brood taken from the nucleus used in Exp. 6 on 10 
August. 

PLATE XXIX 

Fig. 3. Addled drone pupae from a drone comb used in Exp. 3. 

Fig. 4. Addled worker pupae from the comb shown in Fig. 2. Note the small shrivelled 
bees and soft autolysing pupae (compare with Fig. 5). 

Fig. 5, Healthy young adult bees recently emerged and advanced pupae from a healthy 
stock of bees. 


{Ueceived 9 October 1936) 
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STUDIES ON AMERICAN FOUL BROOD OF BEES 

I. THE RELATIVE PATHOGENICITY OF VEGETATIVE CELLS 
AND ENDOSPORES OF BACILLUS LARVAE FOR 
THE BROOD OF THE BEE 

By H. L. a. TARR 

Rotharnsted Experimental Station, Harpendm, Herts 

The discovery that American foul brood was a distinct disease caused by 
a spore-forming bacillus was first made by White (12), though Maassen(4), 
working independently, came to the same conclusion shortly afterwards. 
White termed the causal organism Bacillus larvae, and this designation 
was subsequently accepted by Maassen. MaasseiKi) produced American 
foul brood in colonies of bees by feeding them pure cultures of B. 
larvae, but it is not clear whether his cultures contained only the vege- 
tative cells of this organism or the spores as well. Later (5) he found 
that B. larvae rapidly loses virulence and ability to form spores when 
cultivated for some time on laboratory media. White (i3) produced 
American foul brood by feeding spore-containing brood filtrate or egg- 
agar cultures of B, larvae to the bees of healthy colonies, but he does not 
record that disease was produced by feeding the vegetative cells of this 
organism alone. He also found that direct inoculation of larvae with 
cultures of the causal organism rarely produced the disease. In France, 
Toumanoff(ii) failed in his attempts to produce American foul brood by 
individual feeding of the young larvae of a healthy colony of bees with 
large numbers of the vegetative cells of B. larvae, and Chalmers (i) also 
experienced difficulty in infecting colonies with pure cultures of this 
organism. Sturtevant(7) showed that, normally, a healthy colony of bees 
will not contract American foul brood unless the bees arc fed at least 
50 million spores of B, larvae, obtained from the scales of dead larvae, 
in 1 litre of sugar syrup. In his experiments individual larvae did not 
contract the disease unless they were fed 10 million or more spores of this 
organism in 0*01 c.c. of syrup. 

When considered collectively, the above results indicate that the 
vegetative cells of B. larvae do not cause American foul brood readily, if 
at all; that the spores of this species are effective in producing the disease 
only when introduced in large numbers into healthy colonies; that the 
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direct feeding of advanced larvae is not a satisfactory method of inducing 
the disease; and that the causal organism attenuates with respect to 
virulence following cultivation on laboratory media. None of the above- 
mentioned investigators described the optimum conditions for spore 
formation by B, larvae in vitro, though White ( 13 ) mentions that spores 
were formed on his brood filtrate and egg-agar media. The experiments 
to be described were undertaken with the object of devising a medium 
which would prove suitable for obtaining large numbers of the spores of 
B. larvae, and to determine the relative infective power of vegetative 
cells and spores of this species for the brood of the bee. 

Experimental 

A medium for obtaining vegetaiive cdh and spores of B. larvae 
Early attempts to infect healthy nuclei with vegetative cells of B, 
larvae by feeding the brood directly were unsuccessful ( 9 ), and, therefore, 
energy was directed toward finding a medium upon which this species 
would sporulate readily. Since it is known that B. larvae is a fastidious 
organism and will only grow on rather complicated media (i, 3 , 4 , 13 ) and 
that, normally, spore formation by aerobic bacilli is enhanced by a 
reduction in the concentration of available nutrients (8), the problem was 
a somewhat difficult one. A number of media upon which this organism 
grows readily (egg-yeast-peptone agar ( 7 ), beef-digest agar ( 2 ), beef-infusion 
agar, and others ; with and without the addition of brood filtrate {v, infra)) 
were studied, but spores were rarely, if ever, formed on these. It was 
found that B. larvae grows well on agar containing only a small amount 
of sterile brood filtrate and that, on this medium, it sporulates slightly. 
However, brood filtrate contains sugars which this organism ferments 
with the formation of acid, and it is known that an acid medium normally 
inhibits^ sporulation. By neutralizing the acid formed by adding a buffer 
salt to the medium, a substrate favouring spore formation by B. larvae 
was finally evolved. Phosphate buffer was found to be a more suitable 
buffer salt than calcium carbonate with the medium used. The following 
medium has so far proved most satisfactory for obtaining large numbers 
of the spores of B. larvae: 1*6 per cent agar, 10 ml. ; brood filtrate (1 : 6), 
1 ml. ; M/1 phosphate buffer, pH 7-2, 1 ml. ; tubed in 6 by 1 in. test-tubes. 
The phosphate buffer and brood filtrate are added to the liquid agar 
(45-60® C.) prior to sloping. Brood filtrate is prepared by triturating 
unsealed drone or worker larvae in a mortar, adding 4 parts of water to 
1 of crushed brood, and autolysing for some days over chloroform. On 
standing, the solids settle and the supernatant liquid is first filtered 
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through filter paper and, finally, through a Seitz filter, in order to 
sterilize it 

Experience has shown that B. larvae rapidly loses the ability to form 
spores when transferred on laboratory media, even when the above 
substrate is used, and in this the findings of Maassen have been verified. 
The following has proved to be the most effective method of obtaining 
spores from pure cultures of B. larvae for infection experiments. It is to 
be noted that throughout this work an incubation temperature of 35° C. 
has been employed. Portions of the scales or, preferably, the ropy 
remains of larvae dead of American foul brood, are streaked over the 
surface of beef-digest-brood-filtrate agar(io) slopes, aseptic precautions 
being observed. Abundant growth of B. larvae in apparently pure culture 
normally occurs when such cultures are incubated for 48 hours. A fairly 
large inoculum must be employed to effect growth with all recently 
isolated cultures of this species (6). Portions of the resulting growth are 
thoroughly emulsified in beef-digest broth, dilutions are made employing 
the same medium, and Petri plates are poured using beef-digest- brood- 
filtrate agar. Colonies usually appear on these plates after 2-3 days’ 
incubation, and several slopes of the same medium are inoculated from 
a single colony. These cultures are incubated for 24-48 hours and portions 
of the resulting growth are streaked over the surface of a large number of 
tubes containing the above described buffered brood filtrate agar. When 
vegetative cells of B. larvae are required these cultures are incubated for 
not longer than 48 hours, while an incubation period of 1 week is employed 
when spores are required. Large numbers of spores are formed in such 
recently isolated cultures, though by no means all the vegetative cells 
sporulate and quite a large proportion die and autolyse without doing so. 
The vegetative cells are washed from the medium with beef-digest broth, 
and the spores with M/6 phosphate buffer, pK 7 ’2. It has been found 
that most of the clumps of vegetative cells can be broken up by shaking, 
and that the same procedure's effective in the case of clumps of spores 
providing the shaking is carried out in the phosphate buffer. The cell 
suspensions are concentrated by centrifuging and resuspending the pre- 
cipitate in broth or buffer solution. The number of spores or vegetative 
cells in a given suspension is estimated by use of a Thoma haemocyto- 
meter slide, it being found that the addition of a few drops of a 5 per 
cent sodium hydroxide solution facilitates the breaking up of small 
clumps of cells prior to counting. The addition of a few drops of a 
strong solution of methylene blue to the suspension also makes counting 
easier. 
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In the experiments to be described, the presence of American foul 
brood in a given nucleus was diagnosed by the examination of a fairly 
large number of affected larvae in order to identify the spores of B, 
larvae, and by the isolation of a pure culture of this organism from one 
affected larva. The morphological, cultural and biochemical character- 
istics of this species have been described frequently (8, 4 , 6 , 13 ). 


The production of American foul brood in healthy nuclei 

In the following experiments the preparation of nuclei, the technique 
of inoculation and the record of experimental results are similar to those 
previously employed (lO). A De Vilbiss No. 15 glass (sterilizable) atomizer 
was employed to spray developing brood in certain of the following 
experiments. 

Experiment 1. 

Nucleus. Stores; sealed brood; eggs and young larvae (inoculated); 
eggs, young larvae and sealed brood; eggs, young larvae and sealed 
brood. 

Inoculum. Approximately 8*4 x 10^® vegetative cells of B. larvae in 
20 ml. of beef-digest broth were sprayed over the eggs and young larvae 
in the comb indicated. 

Date of inoculation. 10 June. 

ResuUs. No diseased larvae were seen on careful inspection 6, 10, 14 
or 28 "days after inoculation. 34 days: The queen had been killed (super- 
cedure). No diseased larvae were seen and the experiment was concluded. 

ExperimerU 2. 

Nucleus. Eggs and young larvae (inoculated); young larvae and 
sealed brood; eggs and young larvae. 

Inoculum. Approximately 17-2 x 10^® vegetative cells of B. larvae in 
25 ml. of beef-digest broth were sprayed over the eggs and young larvae 
in the comb indicated. 

Date of inoculation. 11 July. 

Results. Some of the sprayed larvae removed, no diseased larvae seen. 
Subsequent examinations 11, 16, 26,. 41 and 61 days after inoculation 
revealed no diseased larvae and the experiment was concluded. 

In the above experiments American foul brood was not initiated by 
spraying vegetative cells of B. larvae, obtained from recently isolated 
cultures, over developing brood. The results are in harmony with those 
previously obtained when it was found that this disease was not induced 
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when individual larvae were fed large doses of the vegetative cells of 
this organism (9). 

Experiment 3. 

Nvdei, No. 1. Stores; eggs, young larvae and sealed brood; sealed 
brood, eggs and young larvae. 

No. 2. Eggs and sealed brood; eggs, young larvae and sealed brood; 
eggs and stores. 

No. 3. Stores and sealed brood; eggs and young larvae; eggs and 
young larvae. 

No. 4. Young larvae and sealed brood; eggs and young larvae; eggs 
and sealed brood. 

Inocula. The bees of each nucleus were fed varying doses of the 
spores of B. larvae in 100 ml. of syrup (lO) as follows: 

Nucleus 1. 62 X 10® spores 

„ 2. 620x10® „ 

„ 3. 6,200x10® „ 

„ 4. 62,000x10® „ 

Date of inoculation, 7 August. 

Results, 10 and 14 days: No diseased larvae seen. 20 days: Nuclei 1 
and 2 showed no diseased larvae. Nucleus 3 showed seven slimy decom- 
posing larvae, two of which on examination were found to contain large 
numbers of B, larvae spores. A pure culture of this organism was isolated 
from one of these. Nucleus 4 showed thirteen ropy larvae, two of which 
on examination were found to contain large numbers of B, larvae spores. 
A pure culture of this organism was isolated from one of these. 24 days: 
Nuclei 1 and 2 showed no diseased larvae. Nucleus 3 had three ropy 
larvae full of spores of B, larvae. Nucleus 4 had two ropy larvae full of 
B, larvae spores. 32 days: No diseased larvae seen in Nuclei 1 and 2. 
Nuclei 3 and 4 contained one and two ropy larvae respectively, all three 
being full of spores of B, larvae. All four nuclei were breeding slowly, so 
concluded the experiment. 

Experiment 4. 

Nuclei, No. 1. Eggs and young larvae (inoculated); young larvae and 
sealed brood; eggs and stores. 

No. 2. Eggs, young larvae and sealed brood; eggs, young larvae and 
sealed brood (inoculated) ; stores. 

No. 3. Sealed brood; eggs and young larvae (inoculated); drawn 
comb; young larvae and sealed brood. 
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No. 4. Sealed brood and young larvae; eggs and young larvae (in- 
oculated); young larvae and sealed brood. 

Inoeula. The combs of developing brood indicated in each of the 
above four nuclei were inoculated by spraying approximately the 
following numbers of spores suspended in 20 ml. of water (the spores 
employed being derived from exactly the same source as those used in 
Exp. 3): 

Nucleus 1. 6’2 x 10* spores 

„ 2. 62 xlO* „ 

„ 3. 620 xlO* „ 

„ 4. 6200 xl0« „ 

Date of inoculation. 7 August. 

Results. 10 days: No diseased larvae seen in any of the four nuclei 
though in all cases some of the sprayed brood had been removed by the 
bees. 14 days: Nuclei 1 and 2 showed no diseased larvae. Nucleus 3 had 
three ropy larvae full of B. larvae spores and a pure culture of this 
organism was isolated from one of these. Nucleus 4 showed ten ropy 
larvae, six of which were examined and found to be full of spores of 
B. larvae. This organism was isolated m pure culture from one of these. 
20 days: Nucleus 1 showed no diseased larvae. Nucleus 2 showed seven 
ropy larvae all of which contained spores of B. larvae in large numbers. 
This organism was isolated in pure culture from one of these. Nucleus 3 
had twenty-three ropy larvae and Nucleus 4 a much greater number, the 
disease having spread rapidly. 25 days: Nucleus 1 breeding quite well 
but no diseased larvae seen. Nuclei 2, 3 and 4 showed two, nme and 
twelve infected larvae respectively. In Nuclei 2 and 3 breeding was very 
slow. The experiment was concluded. 

In these two experiments American foul brood was initiated in 
healthy nuclei by feeding 6200 x 10® or 62,000 x 10* spores of B. larvae, 
obtained from pure cultures, to the bees. Smaller inoeula did not produce 
the disease. On the other hand when spores from exactly the same source 
were sprayed over the developing brood of healthy nuclei 62 x 10® spores 
caused disease, but 6-2 x 10® spores did not. 

Discussion 

The above experiments constitute the first attempt to compare the 
relative infective power of vegetative cells and spores of B. larvae for the 
brood of the bee. In these experiments the vegetative cells and spores of 
the organism were prepared under exactly similar conditions except for 
the length of time of incubation, mid it was found that very large 
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doses of vegetative cells sprayed over developing brood produced no 
disease in inoculated nuclei, while much smaller doses of the spores of 
this organism soon caused American foul brood. As yet, no really 
satisfactory explanation of these results has been found. However, it 
seems probable that the vegetative cells are rapidly destroyed by the 
digestive processes of the larva, while the more resistant endospores 
survive the bactericidal mechanisms of the larval gut until such time as 
conditions favour their multiplication. That very young larvae are more 
susceptible to infection than older unsealed larvae is suggested by the 
fact that spraying them with a dilute spore suspension soon initiates 
American foul brood, while very large doses of spores are necessary to 
cause disease when fed directly to more advanced larvae (7). Perhaps the 
spores become enveloped in the peritrophic membrane of young larvae, 
while in older larvae they are destroyed by digestive enzymes before they 
reach a locality which favours their development. Certainly normally 
fed, and starved, larvae destroy such organisms as '^Streptococcus apis^^ 
and spores of Ba4}illus alvei {lO). If a method of maintaining B. larvae in 
the vegetative stage could be evolved then the control of American foul 
brood might be simplified. Unfortunately, the possibility of doing this 
seems rather remote at present. 

In the above experiments it was found that a relatively large 
inoculum of the spores of 5. larvae was required to produce American 
foul brood in a healthy nucleus; and that a much smaller inoculum was 
effective in producing this disease when the developing brood of the 
nucleus was sprayed directly with the spores than when they were fed 
to the bees in syrup. Sturtevant(7) found that a colony of bees would not 
develop American foul brood unless the bees were fed at least 50 million 
spores of B, larvae, obtained from scales of dead larvae, in 1 1. of sugar 
syrup; while, in the above experiments, the limiting infective dose was 
approximately 6200 million spores obtained from pure cultures of the 
organism. This apparent discrepancy may well be due to the fact that 
B. larvae rapidly attenuates with respect to virulence when cultivated on 
laboratory media. 

Summary 

Vegetative cells of Bacillus lan^ae have not produced American foul 
brood in healthy nuclei even when a dose almost 3000 times greater than 
an inoculum of spores of this organism capable of causing the disease has 
been sprayed over the developing brood. 

A very much smaller inoculum of the spores of B. larvae is effective 
in producing American foul brood when the developing larvae of healthy 
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nuclei are sprayed directly with them than when they are fed in syrup to 
the bees. 
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' 4 TEST FOR LING HONEY 

<5. W. Scott Blaik. M.A., Ph.D., A.I.C., and 
D, Morland, M.A., 


Rothamsted Experimental Station. 

Yro j u d gi n g of honey at shows is an art that requires 
considerable experience and is elways open to a certain 
anaount of ciitidsm. No two judges are certain to give the 
same awards. The same judge may make different decisions 
on daffecent occaisimis. Even when using the score card 
^mteiUi it cannot be said that the merits of different honeys 
can be numerically expressed. In other words, so-called 
'* organoleptic tests " are uncertain, and it is impossible to 
conv^ with any accuracy the grounds on which honeys of 
a series under consideration are placed in a given order. 

Tea and wine tasters are, no doubt, of great assistance to 
the films that employ their services, but the excise depart- 
ment and the anal}^ require specific gravity tests and 
chemical reactions that do not depend on a man’s opinion. 
Definite data are being obtained, on which such commodities 
as malting barley and flour can be evaluated on grounds 
more convincing and reliable than the pronouncements of an 
expert, however long his experience may have been. 

It seems desirable that attempts should be made to express 
the quality of honey similarly in terms of analysis or physical 
properties that may be determined precisely, by means of 
tests that are capable of repetition, and as far as possible to 
exclude the personal factor of judgment, however skilled. 
The inclusion of honey in the National Mark scheme meant 
that hcmey so packed had to conform to certain standards 
of clarity, colour, water content (conversely, total solids) and 
sucrose (cane sugar) content. A limit was placed on the 
percentage of water allowed, on the grounds that fermenta- 
tion is apt to occur if it exceeds a certain amount. This was 
fixed on the safe side, as sales of honey are much injured if 
hoQ^ that is fermented or otherwise below standard is offered 
fi» ^e. 

TT» amount of water present may be determined from the 
density of the fioney. There has been much confusion among 
bedbeepers in the past over the term density : it has often been 
trilled as synonymous with viscosity. 

Density or specific gravity can be measured by wei^iing 
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a sample of known volume, or by &e use of a hydrometer 
which floats high or low according to the density of the honey 
or other liquid. The hydrometer is a familiar method of test- 
ing tile acid in an acciunulator. The specific gravity bead, 
which is recommended for tiie use of honey packers, works on 
this principle. This is the commonest way of arriving at the 
water content of honey. Density varies slightly with 
temperature but allowance can be made for this. 

The viscosity of a liquid, on the other hand, is a measure of 
its flow properties, and is not necessarily connected with its 
density. Heavy oils, for example, flow slowly and are of 
high viscosity, but of lower specific gravity than water, on 
which they would float. The viscosity of honey, though a 
distinct property, is related to the specific gravity because 
honey is not a simple liquid like an oil, but a solution of 
sugars in water. The viscosity of honey varies considerably 
with the temperature. 

When the test of density was applied to heather honeys, 
many samples were found to have too high a water content 
to be included within the limits of the National Mark scheme. 
As it seemed that this excess of moisture did not in all cases 
allow the honey to ferment, these honeys were examined to 
see if they possessed any special property that might 
reasonably excuse departure from this standard. The jelly- 
like nature of ling honey has long been known in connexion 
with the production of bottled heather honey. Because of 
this property it is not possible to use the centrifugal extractor 
in the ordinary way. The usual method is to press the combs 
and so destroy them. In recent years the Dutch have to some 
extent used a machine that, by dropping loose steel rods into 
the cells, breaks up the jelly structure and allows some air 
to enter. If combs are put into the ordinary extractor within 
twenty minutes or so of being so treated, it is then possible 
to remove the honey by centrifugal force in the usual way. 

The Flow Properties of Heather Honey. It has been 
shown^ that honeys from a great variety of sources, not 
including heather, behave, almost as " true fluids.” This 
means &at if, for example, such honeys are forced through 
narrow tubes under pressure, they flow at a rate proportional 
to the pressure applied, and also that no amount of stirring, 

' Paine, Gertler and Lothrop : Colloid Constituents of Honey, Ind. 
S' Eng. Chem., 26, 1934, 73-81. 
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either caused by fee flowing process itself or by deliberate 
mixing, will affect fee ease of flow. 

Now ling (Calluna) honey is quite unlike a ” true fluid. 

If it is forced through a tube, or if a small ball is allowed to 
fall through it, fee rate of flow is not proportional to fee 
pressure applied. For example, when fee pressure is doubled 
it will yield at a rate which is far more than doubled. More- 
over, newly-stirred honey, whether fee stirring is deliberate or 
produced by flowing in some kind of test, flows much more 
readily than honey that has been left to stand for some time. 
Both these properties are well-known with other materials. 
The former has been called “ structural viscosity ” and fee 
latter “ thixotropy.” With ling .honey, fee two are clearly 
coimected. There is good reason to suppose that in fee honey, 
the sugar molecules tend to arrange themselves into a sort 
of structure rather like scaffolding around a building. When 
fee honey is stirred, or caused to flow, this structure is 
temporarily destroyed, and only re-establishes itself gradually, 
and it is natural that the bigger the pressure used, the more 
complete is fee temporary destruction of the structure. 

A convenient method of observing how far any particular 
honey shows such a capacity to form a structure has been 
described by Scott-Blair.® A |-in. steel ball-bearing is dropped 
through a sample that has been allowed to stand for some 
time, then the sample is stirred thoroughly, and another ball 
is dropped. Wife ordinary honey the two balls will fall at 
the same rate, but with heather honey, fee ball in the unstirred 
honey will fall many times more slowly than that in fee 
stirred. If, for example, in a given sample fee ball falls ten 
times as slowly, this honey is said to have a ” thixotropy 
ratio ” of ten. Thixotropy ratios depend on such things as 
temperature, size of ball used in test, etc., but under fairly 
standard conditions, they give a good indication of how much 
” structure ” a honey is capable of building up. Some of 
fee water in fee honey is needed for this purpose, and it is 
known feat water so utilized has properties different from 
those of ordinary water. Since honeys feat show marked 
structure can presumably hold more water without ferment- 
ing than can structureless honeys, it is reasonable to suppose 

* De Boer and Kniphorst ; Thixotropie van Heidenhonig, Chetn. 

Weekblad , 29, i 93 *. 526 - 534 - , , ni. ^1. 

» Scott Blair: The Thixotropy of Heather Honey, Jour. Phys. Chem., 

39. 1935. 213-219. 
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that 'Water which k bound into the structure is not available 
for toe use of ferments. Some ling honey's produce sn<to a 
rigid structure that after some hours stantong toi^ set into 
solid jellies. Such honeys often give thixotropy ratios of as 
much as severad toousand, i.e., a steel ball falls through them 
some thousands of tones faster after vigorous stirring, than 
it did before. 

It is important to inquire what plants give thixotropic honey, 
and whether toe conditions of growto of the plant (sou, 
climate, etc.) affect the extent of toe thixotropy or structural 
viscosity. For this purpose, samples of honey are required 
from sources that toe beekeeper can guarantee. 

There has been designed a test that necessitates only a few 
drops of honey, an obvious advantage, since a beekeeper 
could be sure of toe source of a small comer of a comb, when 
he could not guarantee that toe whole comb had been laid 
down from toe same plant. 

Although very small ball bearings are obtainable, there are 
serious technical difficulties in using toe falling ball methods 
for such minute samples, and a flow method has been devised, 
this, however, involving toe use of somewhat complex 
apparatus, so that it is intended for toe research laboratory. 
In toe meantime toe authors would be grateful for samples 
of heather (ling) honey from any beekeepers who can guarantee 
a pure ling source, and supply some information as to toe soil 
and climatic conditions where toe plant grew. About a 
toimblefull of honey is ample. 

The above method are not toe only possible ways of study- 
ing these phenomena. A great many methods are possible, 
but toese have been chosen as toe most suitable for this 
particular prQblem. 

The Specific Nature of the Plant. It is a very curious fact 
that whereas most honeys derived from ling (CaUuna vulgaris) 
are highly thixotropic, those derived from heatoers such as 
Erica cinerea and Erica tetralix are not. Although Paine, 
Gertler and Lothrop (/oc. cit.) were not looking for toixotiopy 
among toe honeys from so many sources which toey examured, 
they could not have failed to note and conunent on such a 
phenomenon had it occurred to any marked degree. Wito 
toe possible exception of buckwheat, no plants that have been 
examined, give thixotropic honeys except ling (jCaUuna 
vulgaris), and toe New Zealand plant manuka {Leptospermum 
656 
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scoparium). There may, of course, be others, but even so 
the phenomenon is exceedingly rare. Thixotropy must be due 
to die presence of some chemical substance that reaches the 
honey through the plant. Its presence clearly depends on the 
nature of the plant, and possibly, also on the chemical 
comi^sition of the soil in which the plant grows. This matter 
is being further investigated at Rothamsted. 

Details of the Thixotropy Test. Since the thixotropy ratio 
obtained for a honey depends to some extent on the exact 
way in which the test is done, it is as well that the following 
method should be followed as closely as possible. 

The honey is poured into a tube known as a " loo-cc. 
Nessler tube ” so as to fill the tube right to the top, and left 
to stand overnight. (The tubes may be obtained from 
manufacturers of chemical apparatus at a cost of about 2s.) 
Granulated honey must not be used for the test. The tubes 
are maurked with two lines about 2i in. apart. For the first 
test tixe i-in. ball bearing is laid on the surface of the honey 
in the middle of the tube* and the times at which the centre 
of the ball passes the two lines are recorded. The second hand 
of an ordinary watch is adequate for this purpose, though if 
a stop watch is available, it is somewhat more convenient. 

For the second test a metal disk perforated with holes is 
mounted on a metal rod so that it just shdes freely in the glass 
cylinder, t 

The honey is stirred by pushing this stirrer to the bottom of 
the cylinder and withdrawing it; this is done twice. 
Immediately after this, the ball-bearing is dropped and the 
time taken in passing the two lines is recorded as before. 

The " thixotropy ratio ” is simply obtained by dividing the 
time taken for the ball to fall between the marks in the first 
test by that taken in the second test. In order to see the ball 
in honeys that are opaque owing to air bubbles, it is best to 
stand the tube on a window-sill with the daylight for back- 
ground, and to stand back slightly from the tube when making 
die observations. A good light is essential. 

Since writing this article, the authors have read with great 
interest a paper by Mr. J. Pryce Jones {Bee World, August 
1936), in which tiie thixotropy of honey is discusse d. 

♦ If the honey is opaque with air bubbles, the ball, to be visible, may 
have to be placed slightly to one side, but it should never be allowed to 
fall near the wal) of the tube. 

t Arrangements are being made to have these placed on sale. 

4444. Wt. 204. 150. 10/36. W.C'.&S. 
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Verlaj? von Theodor Steinkopff, Dresden und Leipzig 

Bin HikroTiskosimeter fflr Nicht-Newton’sche Fliissigkeiten. 

Von G.W, Scott (Eingegnngen am 28. Oktobar 

(Physikallsche Abteilung der Rothamsted Experimental Station, Harpenden.) 


[Jnl«^ung. 

Untersuchungen uber die Viskositat von 
HonlgHrar die Feststellung notwendig, in welchem 
Mafte 4hixotrope Honigsorten vom Hagen- 
Poisiditille’schen Gesetz abweichen. Diese Mes- 
sung«!lllrurden mit Hilfe eines Kugelviskosi meters 
durchpfilhrt^). Wenn das Versuchsmaterial voll- 
komm^ kiar ist und in genOgend gro6en Mengen 
zur V#ftigung steht, dann ist unserer Ansicht 
nach ills Kugelviskosi meter immer noch das ge- 
eignetste Instrument zur Untersuchung thixo- 
tropef Systeme. Bisweilen jedoch stdBt die Be- 
schaffung grdfierer Mengen des Versuchsmate- 
rials auf Schwierigkeiten, und auBerdem muB die 
MeBniethode weitgehend modifiziert werden, um 
auch auf undurchsichtigcs Versuchsmaterial an- 
wendbar zu sein. Der hier beschriebene Apparat 
eehdrt zur Gruppe der Kapillarviskosimeter. 
Mit nur 0,5 ccm Versuchsmaterial kann man die 
absolute Viskositat iiber weite Viskositatsgebiete 
mit zUfriedenstellender Genauigkeit messen und 
auch die Anderung der Viskositat bei allmah- 
lichem Anstieg von Druck und Scherung be- 
stimmen. 

Bei dem Apparat von Bingham und Mur- 
ray*) wird ein leeres Kapillarrohr mittels kom- 
primierter Luft bei konstantem Druck allmahlich 
mit dem Versuchsmaterial gefiillt. Die Viskositat 
ergibt sich aus dem Verhaltnis der Ftillgeschwin- 
digkeit zuni Druck, die beide von der Lange der 
Flfissigkeitssaule abhangig sind. Fiir thixotropes 
Versuchsmaterial, bei dem die Viskositat mit 
wachsender Scherung und steigender Spannung 
kleiner wird, ist die Methode unbrauchbar, 
da der Druck in demselben MaBe fallt, wie die 
Kapillare sich fdllt, so daB also die durch die 
Phixotropie hervorgerufene Viskositatserniedri- 
kmng durch die Erhdhung infolge der fallenden 
Spannung teilweise kompensiert wird. Man findet 
daher nur minimale Abweichungen vom Hagen- 
Poiseuille’schen Gesetz. Wird die Kapillare 
jedoch zuerst mit der zu untersuchenden 
1 Iflssigkeit gefiillt und dann erst nach einer ge- 
I’iigend langen Ruheperiode durch komprimierte 
Luft bei konstantem Druck entleert, dann er- 
libt der steigende Druck zusammen mit der 

tJbersetzt von A, Si e hr (Leipzig). 

*) 0. W. Scott Blair, J. Physic. Cheni. 39, 
‘12 {1935). 

») E. C. Bingham und H. A. Murray, Trans, 
^mer. Soc. Test. Materials 23, 655 (1923). 


Scherung maximale Abweichungen vom Hagen- 
Poiseuille’schen Gesetz. 



Die Berechnung der Viskositat aus der 
Leerungsgeschwindigkeit der Kapillare. 

Nehmen wir an, daB an den Enden einer 
langen, engen Rohre von der Lange L und dem 
Radius R, die mit dem Versuchsmaterial gefQllt 
ist, eine Druckdifferenz P (cm Hg) besteht. Ein 
Teil des Druckes Pj ist erforderlich, um die Ober- 
flachenspannung an den Menisken auf beiden 
Enden der Fliissigkeitssaule zu iiberwinden. Der 
Bruchteil Pg dagegen verursacht die viskose 
Stromung. 

Wenn das Versuchsmaterial eine ideale 
Fliissigkeit ist, dann kdnnen wir schreiben: 

13,55g Pi - 2 x 2 f 7 /R- 4 (r/R (!)•) 

13,55 g P 2 -VX 8 /.//R 2 (2) 

wobei (7 die Oberflachenspannung bedeutet, v die 
Bewegungsgeschwindigkeit des Meniskus, I die 
Lange der Fliissigkeitssaule zur Zeit t und rj die 
Viskositat. 

Bei nicht zu hoher Strcimungsgescliwindig- 
keit kdnnen wir in erster Annaherung sagen, daB 
Pi fiir jedes bestimmte Versuchsmaterial und filr 
jede bestimmte Kapillare konstant ist, obgleich 
— wie spater gezeigt werden wird — die Annahme 
von RideaH), derzufolge die Oberflachenspan- 
nun bei hohen Strdmungsgeschwindigkeiten mit 
der Strdmungsgeschwindigkeit variiert, nicht ver- 
nachlassigt werden darf. 

♦) [Maximalwert.] 

*) E. Rideal, Philos. Mag. 44, 1152 (1922). 
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Qleichung (2) kann folgendermafien ge- 
schrieben warden: 

Brj f* 
‘■°“l3,55g-P,RV 

,1 . c 

13,S5g 

(C = Integrationskonstante). 

Wenn nun / = L ist, so erhalten wir t = 0, 

C=^f 

PaR* 

und daraus 

R»Pat. l3,55g 
^ ~ 4 

Oder 

R'(P-P.)t.l3,55g 
4(L*-P)- • 

1st h die Hohe, bis zu der die FlOssigkeit bei 
vertikaler Stellung der Kapillare steigt, dann 
kfinnen wir schreiben: 

hRgg 
^ 2 ’ 

wobei Q die Dichte der FlOssigkeit ist, 

Folglich ist 


Eine andere Methode zur Berechnung von 
?i besteht darin, dab, man den Versuch bei ver- 
schiedenen Drucken durchfiihrt und dann be- 
rechnet, welchen Wert fur Pj man in Gleichung (3) 
von P abziehen mub, urn einen vom Druck un- 
abhangigen Wert fUr r/ zu erhalten. Fiir hdhere 
Geschwindigkeiten, bei denen P^ nicht konstant 
ist, labt sich nur die letztere Methode anwenden. 


Beschreibung des Apparates. 

Der in Fig. 1 wiedergegebene Apparat be- 
steht im wesentlichen aus einer T-fdrmigeri 
GlasrOhre, die mit einem weiten und weichen 
Gummischlauch verbunden ist, der zwischen den 
beiden Gummirollen einer von Hand betriebenen 
kleinen Mangel durchgefiihrt ist®). Auberdem ist 
das T-Stiick noch mit einem Quecksilbermano- 
meter (2) und mit einem langen engen Rohr (3) 
verbunden, das am anderen Ende kugelfdrmig er- 
weitert ist. Es werden mehrere solcher Rdhrchen 
von verschiedenem Durchmesser benutzt. An der 
Verbindungsstelle zwischen T-Stflck und Ka- 
pillare liegt der Nullpunkt der Skala, die die Werte 
von L*— (= 256—/*) anzeigt. Die Rdhrchen 

») Der Verfasser dankt Herm D. M.T, Mor- 
laM fOr die Anregung zu dieser Art von Druck- 
anwendung. 


werden durch Ansaugen von der Glaskugd bis 
zum anderen Ende mit dem Versuchsm^^riril 
gefbllt und dann in horizontaler lage nactv^dbir 
stehen gelassen. Nach 16—17 Stunden iWrd em 
ROhrchen mit dem T-StOck verbunden jbnd ein 
geeigneter Druck durch schnelles Drelwen der 
Handwinde (Zusammendrdcken des Qatnmi- 
schlauchs) hervorgerufen. Die zwecklttftbigsto 
H6he des Druckes kann man aus dem Wbalteii 
der Fliissigkeiten beim Einftillen in das RBhfchen 
schatzen Oder durch einen Vorversuch mSt einer 
zweiten Probe des Versuchsmaterials beJtimmen. 
Die Korrektion P^, die hOchstens 20 l^oz. be- 
tragen darf, wird vorher bestimmt, und IHe Stel- 
lung der Skala an dem QuecksilbermaMometer 
wird derart reguliert, dab die Ablesungen direkt 
den korrigierten Pg-Werten entsprechen. Durch 
langsames Drehen der Handwinde wird der 
Druck konstant gehalten. Die Stellung des 
Meniskus auf der L*— /*-Skala wird bis zur v&ligen 
Leerung des Rohrehens nach je 15 Sekundeii 
abgelesen. Die Gesamtzeit betragt gewdhnlich 
nicht weniger als 4 und nicht mehr als 10 Mmuten, 
es sei denn, dab ein empirisch gefundener und 
nicht der aus der statischen Oberflachensp^nung 
berechnete Wert fOr Pj eingesetzt wurde. In 
letzterem Fall konnen Gesamtzeiten von weniger 
als 4 Minuten angewandt werden. 

Priifung des Apparates. 

Es wurden Versuche mit Rothamsted-Honig 
(vorwiegend Kleeblfitenhonig) durchgefiihrt, des- 
sen Verhalten dem Hagen-Poiseuille’schen 
Gesetz gut entspricht. Diese Honigsorte wurde 
bei verschiedenen P-Werten untersucht, und es 
wurden wahrend des Ausfliebens bei jedem Druck 
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ttwa^ iO Ablesungen vorgenommen. Die Durch- 
schnitwrte von F/t jeder dieser Versuchsreihen 
Sind Fig. 2 gegentiber P aufgetragen. 

Wfe. man aus Fig. 2 ersehenkann, erhaltman 
bei cilia* nicht zu schnellen Stromung eine 
innerha^ def Fehlergrenze konstante Viskositat, 
wenn man fClr Pj einen Wert von etwa 0,2 cm Hg 
wahlt. Dies entspricht ungefahr dem aus der 
statischai Oberflachenspannung des Honigs be- 
rechnetea Wert. 

ZahhNiiche Honigsorten wurden nach dieser 
Methode nntersucht. Fig. 3 zeigt den charakteri- 
stischcn Unterschied zwischen einem guten Honig 
aus Calluba vulgaris, der Thixotropie zeigte[A]®), 
iind einem wirklich fliissigen Honig, der aus an- 
deren BWten stammte (B). 
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Fig. 3 


Die Punkte in Fig. 4 geben die experinien- 
tell erhaltenen Daten wieder, die nach der oben 
besehriebenen Versuchsmethode bei einem wirk- 
lich fliissigen Honig erhalten wurden. Die Gerade 
entspricht der Viskositat desselben Versiichs- 
niaterials, die durch Auspressen des Honigs bei 
liohem Druck aus der gefiillten Kugel durch die 
gleiche R5hre und durch Wagen des nach einer 
bestimmten Zeit ausgeflossenen Honigs bestimmt 
wurde. Die Dichte wurde mit Hilfe eines Pykno- 
nieters bestimmt. Die Ubereinstimmung ist zu- 
friedenstellend, und die leichte Kriimmung der 


Geraden, die auf eine Anderung der (dynamischen) 
Oberflachenspannung in Abhangigkeit von der 
StrOmungsgeschwindigkeit zuriickzufiihren ist, 
ist nicht stark genug, urn die Zuverlassigkeit der 
Versuchsergebnisse zu beeintrachtigen. 
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Fig. 4 


Bei diesen Erorterungen wurde der Ausdruck 
„Thixotropie“ in dem Sinne gebraucht, daB die 
Konsistenz eines Stoffes unter dem EinfluB der 
Scherung abnimmt, bei anschlieBendem Stehen 
jedoch wieder mehr oder weniger ihren ursprdng- 
lichen Wert erreicht. Hierher gehdrt auch die 
Erscheinung, bei der man genauer von „False 
Body“ spricht, da hierbci keine wahre Gel— 
Sol-Umwandlung eintritt, und das Versuchsmate- 
rial unter dem EinfluB der Scherung elastische 
Eigenschaften auch daiin zeigt, wenn es noch 
keine Zeit hatte, seine Konsistenz zu erhdhen 
|vgl. Pryce-Jones^)]. 


Zusam menfassu ng. 

Es wird cin Viskosimeter fiir sehr kleine 
Fliissigkeitsmengen beschrieben. Der Apparat ist 
besonders geeignet, urn den Grad der Abweichung 
vom Hagen-Poiseuille’schen Gesetz bei Nicht- 
Newton’schen Fliissigkeiten und thixotropcn 
Systenien zu bestimmen. AuBerdem gibt er ein 
empirisches MaB fiir den Grad der Thixotropie. 

* « 


®) In den meisten Fallen erhalt man fur thixo- 
fmpe Honigsorten beim Auftragen von log (Pt)/log F 
ei'ie Oerade. Die Neigung dieser Geraden kann als 
tJMpirisches MaB fflr die Abweichung vom Hagen- 
Foiseuille’schen Gesetz betrachtet werden, jedoch 
k< mmt dieser Methode keine theoretische Bedeu- 
li ng 2u. 


Verfasser dankt Herrn Dr. R. K. Schofield 
fiir fordernde Kritik und Ratschlage bei der 
Niederschrift dieser Arbeit. 


’) J. Pryce-Jones, J. Oil and Colour Chem. 
Assoc. 17, 305 (1934). 





Sonder^Abdruck aus „Kolloid»Zeitschrift‘‘ Band 79, Heh 3 (1937) 

" ■ Verlaj; von Theodor Steinkopff, Dresden und Leipzig — 

Bemerkung zum Mechanismus der Spinnbarkeit. 

Voa R. K. ScboSeld und G. W. Scott Blair. 

(Aim dcr Physikalischen Abteilung der Rothamsted Experimental Station Harpenden, England.) 

(Eingegangen am 22. Februar 1937.) 


Die Eigenschaft der „Spinnbarkeit“, das ist 
(lie Nelgling einer Fliissigkeit, sich zu Faden aus- 
ziehe«' am lassen, ist von m'ehreren Forschern, 
insbeswKlere von H. Er bring untersucht wor- 
den, bieser Autor hat gezeigt^), da6 diese Eigen- 
schaft weder mit der Viskositat noch mit der 
gewdMkhen (statischen) Oberflachenspannung 
in difi^m Zusammenhang steht, und wegen der 
groBen Zahl von Stoffen, bei denen er Spinnbar- 
keit ware es von Interesse, Naheres iiber 
den eigentlichen Mechanismus zu erfahren. 

Ofwisse stidafrikanische Honigarten sind als 
„fade!H;iehend“ („stringy“) beschrieben worden. 
DurchdieFreundlichkeitvonHerrnJ.Pryce Jones 
warefl die Autoren in der Lage, eine Probe eines 
solcbm Honigs zu untersuchen. Er erwies sich 
bei der Prlifung auf Spinnbarkeit in der Tat als 
besoilders stark fadenziehend. So konnten z. B. 
bei eifier Spinngeschwindigkeit von 5cm/Sek. 
Faden von ca. 75 cm Lange erhalten werden^). 

Wir haben die Probe weiterhin in dem kiirz- 
lich beschriebenen Thixotrometer untersucht^) 
und eine annahernd geradlinige Kurve erhalten. 
Die Substanz flieBt mit einem eigenartig gekrumm- 
ten Meniskus von der in Fig. 1 dargestellten 



Fig.l 


Form. Unter BerUcksichtigung der Ungenauig- 
keiten, die beim Ablesen der Stellung eines sol- 
chen Meniskus entstehen, scheint unter den vor- 
liegenden Versuchsbedingungen jedoch keine 
nennenswerte Abweichung vom Hagen-Poi- 
seuille'schen Gesetz aufzutreten. Die Ober- 
flSchenspannung ist nicht anormal, auch wird sie 
nicht schStzbar beeinfluBt durch Veranderung 
der GrOBe der untersuchten Oberflache. 

H. Erbring, Kolloid-Beih. 44, 171 (1936); 
Kolloid-Z. 77, 32 (1936); 77, 213 (1936). 

■) Die Verfasser danken Herrn Dr. Erbring far 
seine Mithilfe und fUr die DurchfOhrung dieser Ver- 
suche sowie fOr die Ubersetzung dieser Arbeit. 

») G. W. Scott Blair, Kolloid-Z. 78, 19 (1937). 


Unsere kurzlichen Versuche an Mehlteig*) 
haben unser Interesse auf die Erscheinung der 
„Streckhartung“ gefiihrt („work-hardening“), 
und der folgende einfache Versuch zeigte, daB, 
wenigstens im Falle des hier in Frage kommenden 
Honigs, die Spinnbarkeit auf das Vorhandensein 
einer elastischen Netzstruktur innerhalb des 
Stoffes zuruckzuftihren ist. Wir miissen anneh- 
men, daB diese Netzstruktur zu schwach ist, urn 
selbst im Thixotrometer festgestellt werden zu 
konnen, wo verhaltnismaBig groBe Krafte an- 
gewandt werden, so daB der Stoff sich fast wie 
eine echte FHlssigkeit verhalt. Ein Honigtropfen 
wurde auf eine reine Quecksilberoberflache ge- 
bracht und zwei kleine Korkstiickchen an den 
gegeniiberliegenden Seiten des Tropfens befestigt. 
Das eine Stuck wurde starr befestigt und das 
andere konnte durch Ziehen eines an ihm an- 
gehefteten Fadens bewegt werden. Wenn der 
Tropfen ausgedehnt wurde, so daB er einen lang- 
lichenstabchenfOrmigen Korper bildete, und wenn, 
nachdem er einige Minuten unter Spannung ge- 
halten worden war, diese aufgehoben wurde, so 
pflegte er langsam seine ursprdngliche Gestalt 
wieder einzunehmen und verhielt sich also fast 
wie ein rein elastischer Stoff. Ahnliche Versuche 
an „nichtfadenziehenden“ Honigarten und was- 
serigen Zuckersirupen zeigten ebenfalls eine ge- 
wisse elastische Riickbewegung, aber bei diesen 
letzteren Stoffen neigten die durch Streckung 
erzeugten stabchenfdrmigen Kdrper dazu, eine 
Einschnilrung zu bilden und sehr schnell zu reiBen, 
besaBen also viel weniger ausgesprochen elasti- 
sche Eigenschaften. 

Es ist klar, daB ebenso wie bei den Mehlteigen 
auch in dem vorliegenden „fadenziehenden“ 
Honig eine elastische Netzstruktur vorhanden 
sein muB. Diese bewirkt vermutlich das Auf- 
treten von „ Spinnbarkeit” ebenso wie die ab- 
normen Menisken, wenn die Substanz durch ein 
Rohr flieBt. Die Frage, ob eine solche Struktur 
auch bei anderen spinnbaren FlCissigkeiten be- 
steht, sollte untersucht werden. 

*) R. K. Schofield und G.W. Scott Blair, 
Proc. Roy. Soc. London, Ser. A 138, 707 (1932); 
139, 557 (1933); 141, 72 (1933), ein weiterer Teil im 
Druck; Kolloid-Z. 79, 148 (1937). 
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179. A New Calcium Silicophosphate. 

By Gunter Nagelschmidt. 

In the course of a mineralogical investigation of a typical series of modern basic slags which 
had been tested as phosphatic fertilisers in field and pot culture experiments (Crowther, 
7 . Agric, Soc., 1934, 96, 1), a new material was found as a major constituent of some 
c^an-hearth slags with citric acid solubilities between 40 and 80 %. Although at least 80 % 
of the material in commercially ground basic slags is guaranteed to pass through the British 
Standard Test Sieve, mesh number 100, a few individual particles may be as large as 0-5 mm. 
in diameter and a small fraction is below the range of microscopic visibility. Most of the 
grains are heterogeneous ; they contain inclusions, different materials are intergrown, and 
it is therefore very difficult to isolate the pure components, although these can often be 
recognised and identified by microscopical and microchemical methods. In the preseht 
work it was possible to isolate the new compound in three stages. 

(1) A suitable grain size group of about 0*2 — 0*02 mm. diameter was separated by sieving 
and sedimentation in water saturated with calcium carbonate. (2) A magnetic separation was 
carried out by using Hallimond's separator {Min. Mag., 1930, 22, 377),* a non-magnetic fraction 
being obtained in which all the grains were more or less free from dark inclusions. (3) A gravity 
separation was effected by repeated centrifuging with methylene iodide-benzene mixtures. 
The new compound was found to have ci®®* 3*035 i 0*005. 

Optical Properties. — The material is colourless, and biaxial positive. The angle of the optical 
aiXT ft is very small. The largest and the smallest refractive indices observed with sodium light 
are 1*661 and 1*652 ± 0*002. The grains frequently have two opposite parallel edges with 
straight extinction along these edges. No other crystallographic boundaries occur, and the 
crystal symmetry is unlmown, but cannot be higher than orthorhombic. 

Chemical Composition.— Prom 25 g. of slag the above method of separation afforded a 0*5 g. 
fraction which seemed to be sufficiently pure for chemical analysis, although it still contained a 
percentage of foreign materials. Analyses made on 127 and 234 mg. gave the results shown 

* The author is indebted to Prof. P. G. H. Boswell for permitting him to use this apparatus at the 
SdMN)l of Mines of the Imperial College of Science and Technology. 
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in Table I, (i) and (ii) respectively, which give CaO : P1O5 : SiO, = approx. 7:1:2, If a recalcu- 
lation is made on this basis it appears that the analysed material contained 92% of this 
compound, contaminated with tricalcium silicate and some spinelloid material. In view of this 
contamination and the fact that the analyses account only for 97% of the material, the formula 
of the new compound cannot be established with certainty, but 7Ca0,P20j,2Si0| seems the 
most probable. 

Korber and Tromel (Arch. Eisenhilttenw., 1933, 7, 7), investigating the ternary system CaO- 
PjOj-SiOj, found two ternary compounds. The first had the composition 6CaO,SiO|,P|Og and 
was identical with silicocarnotite, which has long been known as the main constituent of basic 
Bessemer slags. To the second compound they ascribed the composition 9CaO,P,Oj,3SiO*, but 
later (Tromel, private communication), 8Ca0,P|05,2‘6Si0j was found to agree better with tiie 
data. It is not yet known, however, how far this second compound is able to form mixed (aystals 
with the other components of the ternary system, and further synthetic work will be needed to 
elucidate this point. Both ternary compounds had citric acid solubilities above 96%. 

The author is much indebted to Dr. Tromel for supplying him with a sample of his second 
ternary compound, which proved to have very similar optical properties to those described for 
the material 7Ca0,P205,2Si0j isolated as detailed above. A’-Ray powder diagrams • of the two 
materials proved to be identical, both in the position and in the intensities of the lines. The data 
are in Table II, together with comparable data for silicocarnotite, which gave a different pattern. 
This proves that the new compound is not a mixed crystal of silicocarnotite and dicalcium 
silicate. In view of the low crystal S)mimetry, the complex chemical composition, and the absence 
of suitably formed single crystals, no attempt was made to determine the crystal structure of 
the new material from the X-ray data. 


Table I. 




Chemical analysis of new 

compound. 




(i). 

(ii). 

Calc, for 7Ca0,2Si08,Pa05. 

CaO, % 



58-3 

68-4 

60-0 

P.0,, ro 



19-9 

20-0 

21-6 

SiO., % 



17-9 

17-7 

18-4 

Fe,0, + ALO„ % ... 


— 

0-4 

— 

MgO, % 



— 

0-6 

— 


Total. % ... 


96-1 

97-1 

100-0 




Table II. 



der diagrams of silicocarnotite (I), the new compound (II), and Tromel’s synthetic material 

iken with copper K-a 

radiation ; interplanar spacings (d) 

and intensities (/) are recorded. 


(I). 


(II). 


(III). 

No. 

d. 

1. 

d. 

I. 

d. I. 

1 

4'58 

w. 

3-93 

w. 

3-93 w. 

2 

3-96 

m. 

3-61 

w. 

3-52 w. 

3 

3*60 

v.w. 

2-86 

s. 

2-86 s. 

4 

3-33 

m. 

2-70 

s. 

2-70 s. 

5 

2-99 

m. 

2-33 

v.w. 

2-33 v.w. 

6 

2-83 

v.s. 

2-22 

v.w. 

2-24 v.w. 

7 

2*61 

v.s. 

1-960 

s. 

1-961 s. 

8 

2-29 

m. 

1-862 

v.w. 

1-862 w. 

9 

2T8 

m. 

1-761 

m. 

1-761 m. 

10 

2-03 

w. 

1-668 

w. 

1-666 w. 

11 

1-968 

w. 

1-691 

w. 

1-590 w. 

12 

1-880 

s. 

1-662 

w. 

1-662 w. 

13 

1-812 

w. 

1-486 

m. 

1-487 m. 

14 

1-760 

m. 

1-346 

m. 

1-347 m. 

16 

1-691 

m. 

1-260 

v.w. 

1-262 v.w. 

16 

1-644 

v.w. 

1-220 

v.w. 

1-219 v.w. 

17 

1-638 

w. 

1-185 

v.w. 

1-186 v.w. 

18 

1-610 

w. 




19 

1-241 

w. 




20 

1-169 

w. 




21 

1-136 

w. 




22 

1-046 

v.w. 




23 

1-030 

v.w. 





v.s. =a very strong, s. =» strong, m. =■ medium, w. =0 weak, v.w. =* very weak. 

♦ The author’s thanks are due to Sir William Bragg and the Managers of the Royal Institution for 
facilities of the Davy Faraday Research Laboratory. 
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Summary. 

A new compound has been isolated from certain medium-soluble open-hearth basic 
slags, with a chemical composition approximating to 7Ca0,P206,2Si02. It has 3-035, 
fty 1*661, % 1-652 for sodium light, and is colourless and biaxial positive with a very 
small axial angle. X-Ray powder data are given. This material is almost identical with 
a S 3 mthetic calcium silicophosphate of approximate composition 8Ca0,P206,2*5Si02 pre- 
pared by Tromel. 

Rothamsted Experimental Station, Harpenden. [Received, January I2th, 1937.] 
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